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S U M M A R Y
A la rg e  "body o f ev idence su g g es ts  t h a t  n e o p la s ia  i s  a s s o c ia te d  
■with a  r e v e r s a l  tow ards a  f o e t a l  ty p e  of c e l l  in  term s o f  morphology, 
b eh av io u r, a n t ig e n ic  and b iochem ica l p r o p e r t ie s .  T his ev idence i s  
l a r g e ly  based  on th e  en d -p o in t o f c a rc in o g e n e s is , i . e .  tum ours, so 
t h a t  th e o r ie s  on th e  mechanisms by which th e  f o e t a l  s t a t e  a r i s e s  a re  
s p e c u la t iv e . The work re p o r te d  in  t h i s  t h e s i s  concerns th e  s tu d y  o f 
e a r ly ,  a s  w e ll a s  l a t e ,  b iochem ical and h i s to lo g ic a l  .changes o c cu rrin g  
d u rin g  h ep a to c a rc in o g en e s is  in  com parison w ith  normal l i v e r  d i f f e r e n t i a t i o n  
and l i v e r  r e g e n e ra t io n  a f t e r  p a r t i a l  hepatectom y in  r a t s .  Enzymes which 
show p h a s e - s p e c if ic  p r o f i l e s  o f a c t i v i t y  d u rin g  developm ent were 
s tu d ie d  d u ring  normal l i v e r  d i f f e r e n t i a t i o n ,  during  ch ro n ic  and tw o- 
s tag e  (phenobarb itone-p rom oted) d ie th y ln itro sa m in e -in d u c e d  h ep a to ­
c a rc in o g e n e s is , in  t r a n s p la n ta b le  hepatom as, d u ring  l i v e r  re g e n e ra tio n  
and th e  h o s t l i v e r  o f tum our-bearing  r a t s .
D uring ch ro n ic  h ep a to c a rc in o g en e s is  th e re  were in c re a se d  a c t i v i t i e s  
o f c h a r a c t e r i s t i c  f o e t a l  enzymes w hereas a d u l t  enzyme a c t i v i t i e s ,  w ith  
th e  ex cep tio n  o f m alic  enzyme, d ec rea sed . These enzyme changes were 
a p p a ren t b e fo re  h i s to lo g ic a l  changes in d ic a t iv e  o f n e o p la s ia  cou ld  
be d e te c te d . H is to lo g ic a l  s i m i l a r i t i e s  w ith  f o e t a l  and n e o n a ta l 
h ep a to cy te s  a ls o  developed in  th e  l i v e r s  du rin g  h e p a to c a rc in o g en e s is .
Rank c o r r e la t io n  a n a ly s is  o f th e  enzyme d a ta  r e v e a ls  t h a t  th e  l i v e r  
d u rin g  c a rc in o g e n e s is  f i r s t  assumes a  n e o n a ta l enzymic p a t te r n  b e fo re  
a t t a in in g  a  f o e t a l  enzymic s t a t e .  I n  tw o -s tag e  c a rc in o g e n e s is  
experim ents enzymic d e d i f f e r e n t ia t io n  a ls o  o ccu rred , b u t to  a  l e s s e r  
e x te n t ,  and th e  fo c a l  l e s io n s  t h a t  developed showed pheno typ ic  h e te ro ­
g e n e ity . Two t r a n s p la n ta b le  hepatom as s tu d ie d  a ls o  e x h ib ite d  f o e t a l -  
ty p e  enzymic p a t te r n s ,  b u t c o n tra ry  to  p re v io u s ly  re p o r te d  d a ta  no 
enzymic d e d i f f e r e n t ia t io n  was observed  in  th e  h o s t l i v e r  o f tum our- 
b e a r in g  r a t s .
A s im ila r  sequence o f enzymic d e d i f f e r e n t ia t io n  and h i s to lo g ic a l
(0<xs
changes to  t h a t  d u rin g  c a rc in o g e n e s is .o b se rv e d  in  re g e n e ra tin g  l i v e r
A
a f t e r  p a r t i a l  hepatectom y, b u t in  c o n t r a s t ,  th e  c e l l s  r e ta in e d  th e  
c a p a c ity  to  undergo r e d i f f e r e n t i a t i o n  to  a  normal a d u lt  h i s to lo g ic a l
and b iochem ical p a t te r n .
The r e s u l t s  a re  d isc u sse d  in  r e l a t i o n  to  th e  n a tu re  o f can cer, 
th e  mechanisms o f c a rc in o g e n e s is , and t h e i r  d ia g n o s tic  p o te n t i a l .  .
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CHAPTER 1 
I N T R O D U C T I O N
I N T R O D U C T I O N
1 .1 . The N ature  o f Cancer
1 .1 .1 . The C h a r a c te r i s t ic s  and In c id en ce  of Cancer
Cancer . i s  a  d is e a se  p ro cess  which may a f f e c t  a l l  m u l t ic e l lu la r  
organism s and which i s  c h a ra c te r is e d  by th e  seem ingly u n c o n tro lle d  
m u l t ip l ic a t io n  and sp read  w ith in  such organism s of abnormal form s 
o f t h e i r  own c e l l s .  In  c o u n tr ie s  o f W estern Europe and North America 
one i n  fo u r  peop le  develop one o r more form s of neoplasm and about 
one in  f iv e  d ie  from  cancer (Roe, 1975)* I n  th e  U nited  S ta te s  cancer 
i s  th e  second m ajor cause of d e a th , a f t e r  h e a r t  d ise a se  (C a irn s , 1978); 
i t  i s  a ls o  th e  second most common cause of d ea th  in  c h ild re n  ( P i to t ,
1977 a ) • The o v e ra l l  d e a th - r a te  from cancer i s  h ig h e s t in  c o u n tr ie s  
w ith  w e ll developed m edical s e rv ic e s ,  presum ably because of th e  reduced  
r i s k  o f d ea th  from  in f e c t io u s  d is e a s e s  o r o th e r  cau ses.
1 .1 .2  The H is to ry  o f th e  Study of Cancer
Though cancer i s  an in c re a s in g ly  im p o rtan t f a c to r  in  m o r ta l i ty  
f ig u r e s  today  i t  i s  by no t means a  new d is e a s e , bone defo rm ations 
s im ila r  to  th o se  produced by bone can cers  have been found in  a n c ie n t  
E gyp tian  s k e le to n s . The s tu d y  of th e  d is e a se  goes back to  a n c ie n t 
Greek tim e s ; in  H ip p o c ra tic  w r it in g s  many o f th e  le s io n s  term ed k a rk in o s  
seem to  be can ce rs  from th e  d e s c r ip t io n  o f t h e i r  developm ent (R a th e r , 
1978). However, no d i s t i n c t io n  was made between inflam m atory  tum ours 
and m alignan t neoplasm s. An e f f e c t iv e  s e t  of c r i t e r i a  f o r  th e  
re c o g n it io n  of can cer was p u b lish e d  only in  1913 by Bayle and Cayol 
( c i t e d  by R a th er, 1978). U n ti l  th e  l a t t e r  p a r t  of th e  l a s t  cen tu ry  
cancer c e l l s  were b e lie v e d  to  a r i s e  de novo from c i r c u la to ry  b la s tem as . 
Even V irchov th o u g h t th e  o r ig in s  o f cancer c e l l s  la y  in  a r e s e r v o i r  
p f  u n d i f f e r e n t ia te d  c e l l s  in  th e  u b iq u ito u s  con n ec tiv e  t i s s u e  which 
became pus, tu b e rc le  o r tumour c e l l s  depending on th e  s tim u lu s .
E v e n tu a lly  th e  id e a  came about t h a t  th e  so le  source of e p i t h e l i a l  can ce rs  
was normal ep ith e liu m , t h a t  th e  tum ours a ro se  w ithou t c e l l  d i s s o lu t io n
b u t by th e  d iv is io n  o f th e  o r ig in a l  e p i t h e l i a l  cancer c e l l  and th a t  
co n n ec tiv e  t i s s u e , l o c a l  or d is ta n t ,n e v e r  tra n sfo rm s  in to  e p i t h e l i a l  
can cer c e l l s ,  b u t t h a t  th e  s o le  means o f lo c a l  sp read  i s  by th e  
movement of can ce r c e l l s  in to  th e  a d ja c e n t t i s s u e  and th a t  m e ta s ta s is  
i s  by th e  t r a n s p o r t  o f cancer c e l l s  v ia  th e  body f lu i d s  (W aldeyer,
1867).
1 .1 .3 *  Human L iv e r  Cancer
a ) Epidem iology
I n  c o n tr a s t  to  th o se  can cers  which a re  th e  most common causes 
of d e a th  in  W estern S o c ie ty , l i v e r  c e l l  can ce r i s  most common in  
t r o p i c a l  c o u n tr ie s .  D esp ite  i t s  r e l a t i v e  in freq u en cy  in  developed 
c o u n tr ie s  l i v e r  cancer i s  p robab ly  one o f th e  most fre q u e n t can ce rs  
in  man ( L in s e l l  and H igginson, 197&)• The in c id en ce  of th e  d is e a s e  i s  
very  h igh  in  Mozambique where l i v e r  can cer acco u n ts  f o r  65 . 5% o f a l l  
can cers  in  men and 31% in  women (Kew, 1978), dnd IO3 .8  men and 30*8 
women p e r  100,000  peop le  a re  a n n u a lly  re p o r te d  to  have th e  d is e a s e .
In  China l i v e r  can cer i s  th e  most common tumour in  people  aged 15 to  
44 y e a rs  (K aplan and T su c h ita n i, 1978) and i s  th e re fo re  a  m ajor 
problem  in  th e  most populous a re a  o f th e  w orld .
b ) F a c to rs  A ffe c tin g  S u rv iv a l
L iv e r  c an ce r i s  one of th e  most m alignant neoplasms a s  f a r  a s  
p ro g n o s is  i s  concerned, th e  average s u rv iv a l  tim e from d e te c t io n  being  
only  a  few months (Okuda et_aL , 1978). The l i v e r  i s  th e  l a r g e s t  organ 
in  th e  body and i s  s i tu a te d  deep w ith in  i t ,  so la rg e  amounts o f normal 
t i s s u e  can be re p la c e d  by m alignan t grow ths b e fo re  th e  symptoms o f 
cancer appear (u p p er abdom inal p a in , w eight lo s s ,  an o rex ia  and abdom inal 
s w e llin g ) . In  a d d i t io n , th e  co m p lica tio n  o f m e ta s ta s is  occurs q u i te  
e a r ly  in  th e  course  o f th e  d is e a s e . S u rg ic a l r e s e c t io n  o f f e r s  th e  only  
o p p o rtu n ity  f o r  e f f e c t iv e  tre a tm e n t a t  th e  p re se n t and t h i s  i s  only  
p o s s ib le  in  a  sm all p e rcen tag e  o f c ase s  and even th e n  th e  s u rv iv a l  r a t e  
i s  low . A f iv e  y e a r s u rv iv a l r a t e  of 19*1% has b een 'c la im ed  in  th e  F a r
E a s t, b u t i t  h as been im p o ssib le  to  ach ieve  t h i s  le v e l  o f su ccess  in  
A fr ic a  (F alkson , 1976). R adio therapy  and chemotherapy do not 
s ig n i f ic a n t ly  a f f e c t  s u rv iv a l  r a t e s , ' a lth o u g h  5 ~ f lu o ro u ra c il  and 
adriam ycin  may g iv e  ex tended s u rv iv a l  (K epp ler, 1978) .
c ) A sso c ia tio n  With C ir rh o s is
L iv e r c e l l  cancer i s  f r e q u e n tly  a s s o c ia te d  w ith  m acronodular 
c i r r h o s i s ,  t h i s  ty p e  o f c i r r h o s i s  being  most commonly observed in  
c o u n tr ie s  r e p o r t in g  a h igh  in c id e n ce  of l i v e r  cancer (L in s e l l  and 
H igginson, 1976). N e v e rth e le ss , th e  n a tu re  o f th e  r e la t io n s h ip  
between c i r r h o s i s  and l i v e r  can cer i s  n o t f u l l y  un d ers to o d . The 
freq u en cy  o f o ccu rrence  of th e  two d is e a s e s  in  th e  l i v e r  may be 
p u re ly  c o in c id e n ta l ,  b o th  th e  c i r r h o s i s  and th e  cancer may have a 
common cause, o r c i r r h o s i s  may cause cancer o r in  some way modify 
th e  body environm ent to  in c re a s e  th e  s u s c e p t ib i l i t y  of th e  l i v e r  to  
develop can cer, o r , in  view o f th e  f a c t  t h a t  in  a re a s  o f h igh  in c id e n ce  
many p a t ie n t s  w ith  l i v e r  can cer do no t have c i r r h o s i s ,  c i r r h o s i s  may
fo llo w  r a th e r  th a n  precede can c e r. In  a re a s  of low in c id en ce  o f
l i v e r  cancer th e  p ro p o r tio n  o f p a t ie n t s  w ith  th e  d is e a se  in  whom 
c i r r h o s i s  i s  a ls o  found i s  80 -  90^» w hereas in  a re a s  o f h igh  
in c id e n ce  only  60% o f cancer p a t ie n t s  have c i r r h o s i s .  On th e  o th e r  
hand in  a re a s  o f h ig h  in c id e n ce  th e  p ro p o r tio n  of p a t ie n t s  w ith  • 
c i r r h o s i s  who develop  l i v e r  cancer i s  about kQffo, b u t in  a re a s  o f low
in c id en ce  only  5 ” 15% o f c i r r h o t i c  p a t ie n t s  develop  cancer (Anthony,
1976). T h is  i s  p ro b ab ly  because th e  commonest c i r r h o s i s  in  c o u n tr ie s  
o f low l i v e r  can cer in c id e n ce  i s  m icronodu lar, a s s o c ia te d  w ith  
a lc o h o l abuse , r a th e r  th a n  th e  m acronodular ty p e 'a s s o c ia te d  w ith  l i v e r  
can ce r. M icronodular c i r r h o s i s  may develop in to  th e  m acronodular ty p e , 
e s p e c ia l ly  a f t e r  c e s s a t io n  o f a lc o h o l consum ption and pro longed  
s u rv iv a l f o r  some y e a r s , and t h i s  i s  a s s o c ia te d  w ith  an in c re a se d  r i s k  
o f m alignancy. T h is  may accoun t f o r  th e  f a c t  t h a t  l i v e r  cancer a f f e c t s  
o ld e r  people  in  a re a s  o f low in c id en ce  th a n  in  a re a s  of h igh  in c id e n c e . 
In  a  sm all m in o r ity  o f cases  m alignancy a r i s e s  i n  a lc o h o l ic s  w ith o u t 
c i r r h o s i s .  I t  i s  u n lik e ly  t h a t  a lco h o l p e r  se i s  c a rc in o g e n ic , a lth o u g h  
i t  may promote th e  a c t io n s  o f carc inogens (Anthony, 1976).
1 .1 .4 .  E nvironm ental A e tio lo g y
Cancer i s  though t to  be la r g e ly  due to  environm ental r a th e r  
th a n  g e n e tic  f a c to r s .  I t  has been e s tim a te d  th a t  between 80% and 
90% of th e  t o t a l  cancer in c id e n ce  in  th e  human p o p u la tio n  of th e  
U n ited  S ta te s  i s  dependent on known o r unknown environm ental f a c to r s  
(H igginson and M uir, 1973)* P robab ly  th e  f i r s t  a s s o c ia t io n  o f l i f e ­
s ty le  w ith  tum our developm ent was observed by Ramazzini in  1700 ( c i te d  
by Boyland, 1980a)'. who w rote t h a t  tum ours of th e  b re a s t  were found-more 
o f te n  in  nuns th a n  o th e r  women. L a te r  H i l l  in  1761 p o in te d  ou t th e  
a s s o c ia t io n  o f nasopharangeal cancer and s n u f f - ta k in g  ( c i te d  by Boyland, 
1980a) and P o tt.' in  1775 observed  th a t  many chimney- sweeps develop 
can cer o f th e  scrotum . These l a t t e r  two o b se rv a tio n s  were th e  f i r s t  
to  su g g est a  chem ical c a u sa tio n  of c an ce r.
Most l i v e r  cancer occurs in  p a r t s  of th e  w orld where a lc o h o l ic  
l i v e r  d is e a se  i s  uncommon so o th e r  ag en ts  must be im portan t in  th e  
a e t io lo g y  o f t h i s  d is e a s e .
a )  H e p a t i t is  B V irus
A s t r ik in g  r e la t io n s h ip  has been observed  between th e  p resen ce  of 
h e p a t i t i s  B a n tig e n  and l i v e r  c an ce r. One of th e  f i r s t  c o n tro l le d  
s tu d ie s  was in  Taiwan where about 15% o f th e  p o p u la tio n  c a rry  h e p a t i t i s  
B a n tig e n  and l i v e r  can cer i s  th e  most f re q u e n t neoplasm . I n  80% 
o f th e  p a t ie n t s  w ith  l i v e r  can cer, h e p a t i t i s  B su rfa c e  a n tig e n  was 
found (Tong e t  aL , 1971)* The p resence  o f h e p a t i t i s  B a n tig e n  in  
l i v e r  cancer p a t ie n t s  in  o th e r  a re a s  has a ls o  been shown (Anthony,
1976). When h e p a t i t i s  B v i r a l  core an tib o d y  (ev idence  f o r  p a s t  o r 
p re s e n t h e p a t i t i s  B v i ru s  in f e c t io n )  i s  a ls o  measured th e  a s s o c ia t io n  
i s  even more s t r i k in g .  For example, in  a  s tudy  in  South A fr ic a  where 
66% of h e p a to c e l lu la r  carcinom a p a t ie n ts  were found to  be h e p a t i t i s  B 
a n tig e n  p o s i t iv e ,  a  f u r th e r  26 *5%> were found to  p o sse ss  h e p a t i t i s  
B co re  a n tib o d ie s  (Kew, 1978). Recent s tu d ie s  have shown t h a t  t h i s  
p a t te r n  i s  no t only  r e s t r i c t e d  to  h igh  in c id en ce  a re a s .  A stu d y  
in v o lv in g  e ig h ty  Greek p a t i e n t s  w ith  p rim ary  h e p a to c e l lu la r  carcinom a, 
one hundred and s ix ty  c o n tro l  in d iv id u a ls  and f o r ty  w ith  h e p a tic
m e ta s ta s is  of o th e r  tum ours, showed th a t  th e  p resence  of h e p a t i t i s  
B su rfa c e  a n tig e n  (ev id en ce  o f a c t iv e  in f e c t io n )  was a s s o c ia te d  w ith  
a s ig n i f i c a n t ly  in c re a s e d  r i s k  o f prim ary l i v e r  can cer, bu t no t 
m e ta s t a t i c - l iv e r  c an ce r. In  a d d it io n  a c t iv e  h e p a t i t i s  B v iru s  
in f e c t io n  was more common in  prim ary l i v e r  cancer p a t ie n ts  w ith  c i r r h o s is  
( 67%) th a n  th o se  w ith o u t ( 26%) (T richopou los e t  a l ., 1978). In  B r i ta in  
a  s tudy  has shown th a t  67% o f a  group of p a t ie n t s  w ith  prim ary l i v e r  
can cer had h e p a t i t i s  B core an tib o d y , which i s  s ig n i f ic a n t ly  h ig h e r 
th a n  in  th e  normal p o p u la tio n  ( l  -  4%), and 25% of th e  p a t ie n ts  had 
evidence of p e r s i s t e n t  in f e c t io n  (B assendine e t  aL , 1979)• I t  has 
been e s tim a te d  th a t  120 to  176 m ill io n  people  in  th e  w orld a re  c a r r i e r s  
o f h e p a t i t i s  B (Zuckerman, 1978) and t h i s  i s  undoubtedly  an im p o rtan t 
a e t io lo g ic a l  f a c to r  in  th e  developm ent of l i v e r  can ce r. However, by 
no means a l l  peop le  w ith  l i v e r  cancer have t h i s  v i r a l  in f e c t io n ,  n e i th e r  
do a l l  h e p a t i t i s  B p a t ie n t s  develop l i v e r  can ce r. O ther f a c to r s  must 
th e re fo re  c o n tr ib u te  to  th e  developm ent of l i v e r  can ce r.
b) S te ro id  Hormones
One p o s s ib le  f a c to r ,  in  women a t  l e a s t ,  may be found in  an 
a s s o c ia t io n  betw een o r a l  c o n tra c e p tiv e s  and l i v e r  tum ours, which was 
f i r s t  su g g ested  by Baum e t  a l  (1975) . The evidence to  date su g g es ts  t h a t  
th e re  i s  an a s s o c ia t io n  betw een o ra l  c o n tra c e p tiv e  use and h e p a tic  
adenomas and f o c a l  n o d u la r h y p e rp la s ia  (Vana e t  a l., 1977 & 1979)*
These a re  co n sid e red  to  be non-m alignant tum ours though th ey  may cause 
d ea th  by h e p a tic  ru p tu re  and in t r a p e r i to n e a l  haemorrhage (Feben, 1979)• 
M alignant l i v e r  tum ours have been found in  women ta k in g  o ra l  c o n tra ­
c e p tiv e s  (C h ris to p h e rso n  and Mays, 1979)* However, a s  h e p a to c e l lu la r  
carcinom as a re  th e  most common l i v e r  tumour in  th e  g e n e ra l p o p u la tio n  
th e  ev idence f o r  a  p o s i t iv e  a s s o c ia t io n  between o ra l  c o n tra c e p tiv e  
use and h e p a to c e l lu la r  carcinom a rem ains in c o n c lu s iv e . N e v erth e le ss  
ben ign  and m alignan t tum ours have been found to g e th e r  in  women on 
o ra l  c o n tra c e p tiv e s  b u t no such f in d in g s  have been re p o r te d  in  th e  
absence of o ra l  c o n tra c e p tiv e  u se . In  two l a r g e ■s tu d ie s  63% and 83$ 
o f p a t i e n t s  had been ta k in g  th e  p i l l  f o r  fo u r  y e a rs  o r more, th e r e  
was a  range o f o n se t o f th e  d is e a se  from w ith in  6 months of s t a r t i n g
ta k in g  o ra l  c o n tra c e p tiv e s  to  fo u r  y e a rs  a f te r .s to p p in g  ta k in g  th e  p i l l  
(S h erlo ck , 1978).
O ther hormones such a s  a n a b o lic  s te r o id s  have a ls o  been im p lic a te d  
in  th e  developm ent o f l i v e r  can cer (Johnson e t  a l., 1972; F a r r e l  e t  aL, 
1975)• I t  has been su g g ested  th a t  s te r o id s  may promote l i v e r  tum ours. 
T h is  su g g es tio n  i s  based  on th e  o b se rv a tio n  th a t  c o r tic o s te ro n e  
i n h i b i t s  th e  p r o l i f e r a t i o n  of r a t  l i v e r  c e l l s  and th a t  t h i s  in h ib i t io n  
can be in a c t iv a te d  by b lo ck in g  th e  cy top lasm ic  re c e p to r s  in  l i v e r  c e l l s  
f o r  c o r t ic o s te ro n e  w ith  o th e r  s te r o id s .  High c o n c e n tra tio n s  o f s te r o id s  
may induce l i v e r  p r o l i f e r a t i o n  and th e re b y  promote tra n s fo rm a tio n  o r 
may make h ep ato ca rc in o g en s  e f f e c t iv e  a t  low er doses and more r a p id ly  
e f f e c t iv e  (D esse r-W iest, 1979)*
b) V inyl C h lo ride
Angiosarcoma of th e  l i v e r  i s  a  very  r a r e  type  of l i v e r  tumour 
bu t i t  has been i d e n t i f i e d  a s  a  cause of d ea th  in  c e r ta in  w orkers 
o c c u p a tio n a lly  exposed to  v in y l c h lo r id e . T h is  chem ical has been 
found to  induce angiosarcom a in  r a t s  a t  c o n c e n tra tio n s  a s  low a s  '
50 ppm (M alton i and L eferm ine, 1975) and i t  may a ls o  induce l i v e r  c e l l  
and b i le - d u c t  carcinom a (Anthony, 1976).
d) A fla to x in
N a tu ra lly  o ccu ring  ca rc in o g en s may a ls o  p lay  an im p o rtan t p a r t  
in  th e  a e tio lo g y  of l i v e r  c an ce r. A fla to x in  B^ i s  th e  most f r e q u e n tly  
encoun tered  and th o ro u g h ly  s tu d ie d  o f th e  fu n g a l a f la to x in s .  I t  i s  
produced by th e  mould A sp e rg il lu s  f l a v u s . I t  has been found in  many 
fo o d s tu f f s  s to re d  under c o n d itio n s  fav o u rab le  to  fu n g a l grow th i . e .  
warmth and h igh  hum id ity . F ie ld  s tu d ie s  in  th e  t r o p ic s  have shown a 
good c o r r e la t io n  between a re a s  o f h igh  a f la to x in  B^ con tam ination  of 
fo o d s tu f f s  and a  h ig h  in c id e n ce  of l i v e r  can ce r (Wogan, 1976).
1 .1 .5 .  N itrosam ines
N itro sam ines a re  a  c la s s  of compounds t h a t  a re  a u b iq u ito u s
contam inant o f th e  environm ent, th e  most commonly encountered  members 
being  d im e th y ln itro sam in e , d ie th y ln itro sa m in e  and N -n itro so p y r ro lid in e  
and g iv e  r i s e  p redom inan tly  to  l i v e r  tum ours. O r ig in a lly  i t  was though t 
t h a t  exposure to  n itro sa m in e s  was la r g e ly  o c cu p a tio n a l, b u t in  i 960 
a  la rg e  number of sheep th a t  had fe d  on fish m ea l th a t  had been p re se rv ed  
w ith  n i t r i t e  d ie d  o f a cu te  l i v e r  damage. N itrosam ines were d e te c te d  
in  th e  fish m ea l and were presumed to  have been formed from th e  n i t r i t e  
and secondary and t e r t i a r y  am ines in  th e  f i s h  (Magee, 1971). A 
g e n e ra lis e d  scheme f o r  th e  n i t r o s a t io n  of secondary amines i s  shown 
below in  f ig u r e  1 .1 .
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N itro sam ines a re  encoun tered  in  n i t r i t e  o r n i t r a te - p r e s e r v e d  f o o d s tu f f s ;  
m eat, f i s h  e tc ;  c ig a r e t t e  smoke and am bient a i r  (Preussm an, 1978). 
A irborne n itro sa m in e s  have been d e te c te d  a s  env ironm ental p o l lu ta n t s  in  
th e  ru b b e r in d u s try  (F a j in  e t  al« 1979)• D ie th y ln itro sam in e  i s  a  - 
contam inant o f some co sm etics : f a c e , hand and body lo t io n s ,  and h a i r  
shampoos (Fan e t  aL , 1977)* N itro sam in es, though no t proven human 
ca rc in o g en s , have been found to  be ca rc in o g e n ic  to  many ex p erim en ta l 
an im als , f o r  example d ie th y ln itro sa m in e  has been shown to  b e ' 
ca rc in o g e n ic  in  tw enty  d i f f e r e n t  sp e c ie s , in c lu d in g  monkeys (Preussm an, 
1978). M oreover, th e r e  a re  no p u b lish e d  r e p o r ts  of any anim al sp e c ie s  
r e s i s t a n t  to  c a rc in o g e n e s is  by n itro sa m in e s  and th e re  i s  no re a so n  to  
suppose t h a t  man i s  n o t a ls o  s u s c e p tib le  (Magee, 1971).
N itro sam ines may be formed by th e  cooking of n i t r i t e - p r e s e r v e d  
foods (Janzow ski e t  aL t 1978). In  p a r t i c u l a r  th e  fo rm atio n  o f 
n i t r o s o p y r r o l id in e  in  f r i e d  bacon a s  shown below (L ijin s k y , 1976).
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There i s  a ls o  much ev idence t h a t  th e  n itro sa m in e s  can a ls o  he 
formed by th e  sim ultaneous in g e s t io n  of n i t r o s a ta b le  su b stan ces  and 
n i t r i t e .  The lo n g -te rm  a d m in is tra t io n  of n i t r i t e  and m orpholine to  
r a t s  gave r i s e  to  many l i v e r  tum ours s im ila r  to  th o se  induced  by
e t  a l., 1976) and more re c e n t ly  th e  fo rm atio n  o f n itro sam in e  in  v ivo
from  many so u rces  such a s  in o rg a n ic  f e r t i l i z e r s ,  decom position  p ro d u c ts  
from  p la n t  and sewage w astes  and a s  a  p roduct o f n itro g e n  f ix a t io n  by 
b a c te r i a .  The n i t r a t e  may be reduced  to  n i t r i t e  by enzymes in  p la n ts  
and m icroorganism s p re s e n t in  w aste w a ter, food  and in  i n t e s t i n e ,  and 
s a l iv a  (O la jo s  and C oulston , 1978)• N i t r a te  and n i t r i t e  may a ls o  be 
formed endogenously in  humans (Tannenbaum e t  a l., 1978). Sodium n i t r i t e  
i s  a ls o  used  a s  a  p re s e rv a t iv e  to  i n h ib i t  th e  growth of C lo strid iu m  
b o tu lin iu m  and a s  a  c o lo u r f i x a t iv e  in  cured  meat and f i s h  (M ille r  and 
M il le r ,  197^)• Many n i t r o s a ta b le  secondary and t e r t i a r y  am ines a re  
n a tu r a l  c o n s t i tu e n ts  o f food  and many drugs f o r  human consum ption 
(Andrews e t  a l., 1980).
N -n itro so m o rp h o lin e , even a t  low c o n c e n tra tio n s  (Shank and Newbern, 
1978). The n i t r o s a t io n  of food  am ines in  v i t r o  under c o n d itio n s  
s im i la r  to  th o se  found in  th e  stom ach, has been dem onstrated  (W alters
has been shown (W alte rs  e t  aL , 1978). E nvironm ental n i t r a t e  comes
1 .2 . B io lo g ic a l  F ea tu res '*o f M alignancy
1 .2 .1 .  P atho logy  o f Human L iv e r  Tumours.
L iv e r  tum ours may a r i s e  from any of th e  c o n s t i tu e n t  t i s s u e s  bu t 
most commonly from  l i v e r  parenchyma ( l i v e r  c e l l  carcinom a; h e p a to c e llu a r  
carcinom a) o r th e  b i l e  duct c e l l s  ( b i l i a r y  carcinom a; cholangiocarcinom a) 
o f which h e p a to c e l lu la r  carcinom as a re  th e  most common in  man (Cameron, 
1976 ) .  Human l i v e r  tum ours a re  r a r e ly  seen  a s  a  " s u rg ic a l"  e x c is io n  
specimen s in c e  a t  au to p sy  th e  tumour i s  u s u a lly  w e ll advanced and 
m assive. A human h e p a to c e l lu la r  carcinom a may p re se n t a s  a  m assive, 
s o l i t a r y ,  s o f t  and f r a n g ib le ,  opaque yellow  to  g rey , b i l e - s t a in e d  o r 
haem orrhagic and n e c r o t ic  tum our. At o th e r  tim es  th e  tumour t i s s u e  i s  
d i s t r ib u te d  th ro u g h o u t th e  l i v e r  a s  m u ltip le  d is c r e te  nodules o f 
v a ry ing  s iz e .  Both ty p e s  may be p re s e n t in  any one l i v e r  (A shley,
1978). A u s e fu l  e a r ly  c l a s s i f i c a t i o n  was made by Eggel a t  th e  tu rn  
o f th e  cen tu ry  ( c i t e d  by P e te r s ,  1976) who d iv id e d  h e p a to c e l lu la r  
carcinom as in to  th re e  ty p e s : th e  n o d u la r, th e  m assive and th e  d i f f u s e  
form s. The most common i s  th e  n o d u la r ty p e , making up about tw o - th ird s  
o f a l l  tum ours, c h a ra c te r is e d  by m u ltip le  la rg e  nodules which te n d  to  
rem ain d i s c r e te ly  d e l in e a te d  from  normal l i v e r .  Next in  freq u en cy  of 
occurence i s  th e  m assive ty p e  c h a ra c te r is e d  by a  la rg e  tumour mass 
which may occupy one e n t i r e  lo b e  (more o f te n  th e  r ig h t )  and i n f i l t r a t e  
i r r e g u la r ly  in to  th e  su rround ing  l i v e r .  T h is  form c o n s t i tu te s  about 
30% o f a l l  p rim ary  l i v e r  carcinom a and i t  i s  most amenable to  s u rg ic a l  
rem oval, however i t  may g iv e  few symptoms u n t i l  s h o r t ly  b e fo re  d ea th , 
most p a t i e n t s  dying suddenly  and unexpected ly  from in t r a p e r i to n e a l  
haemorrhage (H ig g in s , 1970). L e a s t common of a l l  being  th e  d i f f u s e  
ty p e  in  which th e  e n t i r e  l i v e r  i s  composed o f very  sm all tumour nodu les 
surrounded by c o lla g e n  and d i f f i c u l t  to  d is t in g u is h  from th e  c i r r h o s i s  
from which i t  alw ays d ev e lo p s . I t  i s  o f te n  d i f f i c u l t  to  a t t r ib u te -  
specim ens o f human l i v e r  c e l l  can cer to  one p a r t i c u l a r  ca teg o ry  and 
th e re  have been f u r th e r  c l a s s i f i c a t i o n s  s in c e . There i s  som e-debate 
a s  to  w hether h e p a to c e l lu la r  carcinom as a re  o f u n ifo c a l o r ig in  w ith  
m u ltip le  m e ta s ta s is  o r a r i s e  m u lt ifo c a lly  from th e  g ro ss  and m icro­
sco p ic  ap p earan ces , i t  seems p o s s ib le  t h a t  b o th  mechanisms may o p e ra te . '
The m assive and m eganodular ty p e s  p robab ly  a r i s e  from a s in g le  fo cu s  
and m e ta s ta s is e  in to  o th e r  a re a s  o f th e  l i v e r  th rough  th e  p o r ta l  v e in  .
The d i f f u s e . ty p e s  p robab ly  re p re s e n t  th e  n e a r ly  s im ultaneous developm ent
of n e o p la s ia  a t  many s i t e s  in  th e  l i v e r  (P e te r s ,  1976). Benign
tum ours o f th e  l i v e r  a re  a ls o  known to  occur -  th e  adenomas and hepatom as.
A c h a r a c t e r i s t i c  f e a tu r e  o f h e p a to c e l lu la r  carcinom a i s  th e  c y to lo g ic  
s im i la r i ty  o f th e  tum our c e l l s  to  n o n -n e o p la s tic  l i v e r  c e l l s .
O ccasio n a lly  i t  may be d i f f i c u l t  to  d is t in g u is h  between rege/iecative and 
n e o p la s t ic  nodu les because th e  p a t te r n s  o f grow th and c e l l u l a r  atyp ism  
in  a re a s  o f h e p a tic  c e l l  r e g e n e ra t io n  may be so abnormal a s  to  resem ble 
n e o p la s ia ,  more th a n  h y p e rp la s ia . Human h e p a to c e l lu la r  carcinom a c e l l s  
may be v a r ia b le  in  shape, b u t a re  u s u a lly  p o ly h e d ra l, e i th e r  l a r g e r  
o r sm a lle r  th a n  norm al c e l l s  and r e t a i n  a  s im ila r  o r l e s s e r  degree of 
co h esiv en ess  th a n  norm al. They u s u a lly  have a m oderate amount of 
cytoplasm  which i s  o f te n  more a c id o p h i l ic  and g ra n u la r  th a n  norm al. The 
n u c le i  a re  l a r g e ,  s p h e r ic a l  o r o v a l, hyperchrom atic  and v e s ic u la r .
There i s  u s u a lly  a  p e r ip h e r a l iz a t io n  of th e  chrom atin  form ing a  more 
prom inent hyperchrom atic  membrane a t  th e  m argin o f th e  n u c leu s .
N u c leo li a re  la rg e  and prom inent and m ito ses, o f te n  abnorm al, a re  
common. The degree o f a n a p la s ia  v a r ie s  co n s id e rab ly  ran g in g  from  
tum our c e l l s  which appear in d is t in g u is h a b le  from normal to  th o se  t h a t  
resem ble mesenchymal c e l l s .  W ith in c re a s in g  a n a p la s ia  th e re  i s  a 
co rrespond ing  lo s s  of co h es iv en ess . There may be a  f u l l  range of 
a n a p la s t ic  change in  any one p a t i e n t .  In  some l i v e r  c e l l  c an ce rs  
g ia n t  c e l l s  a re  seen , th e se  c e l l s  may c o n ta in  a  s in g le  n u c leu s , a  
m u ltilo b a te d  n u c leu s  o r  m u ltip le  n u c le i ,  w ith  prom inent n u c le o l i  and 
abundant e o s in o p h i l ic  cy toplasm . C lea r c e lls ,w h ic h  appear so because 
of an ex cess iv e  i n t r a c e l l u l a r  accum ulation  of g lycogen, may make up to  
30 to  10C$ o f some tum ours. I n  some w e ll d i f f e r e n t i a t e d  tum ours f a t  d ro p le ts  
a re  seen  and t h i s  has been tak en  to  mean th a t  th e  c e l l s  a re  fu n c tio n in g  
u n lik e  normal h e p a to c y te s , in  t h a t  th e y  sy n th e s is e  bu t do no t r e le a s e  
f a t ,  b u t no t l i k e  t r u l y  u n d if f e r e n t ia te d  tumour c e l l s  (P e te rs ,  1976).
M allory  bod ies  have been found in  some tum ours a r i s in g  from a lc o h o l ic  
c i r r h o s i s  long  a f t e r  non-tum our c i r r h o t i c  l i v e r  no lo n g e r c o n ta in s  
them, and a ls o  very  r a r e ly  in  n o n -a lc o h o lic  p a t i e n t s .
The p a t te r n  o f grow th may a ls o  e x h ib i t  v a ry ing  degrees of
d i f f e r e n t i a t i o n .  The most common p a t te r n  i s  a. t r a b e c u la r ,  arrangem ent.
In  w e ll d i f f e r e n t i a t e d  h e p a to c e l lu la r  carcinom a th e  tra b e c u la e  c o n s is t  
o f l i n e a r  columns o f parenchym al c e l l s  one o r two c e l l s  th ic k  (m icro - 
t r a b e c u l l a r )  o r s e v e ra l  c e l l s  th ic k  (m a c ro tra b e c u lla r)  s e p a ra te d  from 
th e  b lood s in u so id s  by w idely  spaced, f l a t t e n e d  and inconsp icuous 
e n d o th e l ia l  l i n in g  c e l l s .  K upffer c e l l s  a re  u s u a lly  a b se n t. L ess w e ll 
d i f f e r e n t i a t e d  tum ours may show a  'co bb lestone*  arrangem ent of c e l l s  
growing in  s o l id  sh e e ts  in  a  s im ila r  p a t te r n  to  re g e n e ra tiv e  h y p e rp la s ia . 
An u n d i f f e r e n t ia te d  p a t te r n  o f  .growth i s  shown by c e l l s  growing in  
sh e e ts  which have such l i t t l e  cohesiv en ess  t h a t  th ey  do no t even e x h ib i t  
a  'c o b b le s to n e ' appearance . The degree of c y to lo g ic a l  d i f f e r e n t i a t i o n  
does n o t n e c e s s a r i ly  c o r r e la te  w ith  th e  degree of m orphological 
d i f f e r e n t i a t i o n .  I t  i s  no t unusual to  f in d  c y to lo g ic a l ly  u n d if f e r e n t ia te d  
c e l l s  e x h ib it in g  a  d e d i f f e r e n t ia te d  growth p a t te r n .
1 .2 .2 .  E xperim en ta l H epato carc in o g en esis
Human l i v e r  tum ours a re  r a r e ly  seen a t  t h e i r  e a r ly  s ta g e s  so 
s tu d ie s  on th e  s e q u e n tia l  changes during  th e  p a th o g en es is  of l i v e r  c e l l  
cancer have to  be made in  an im a ls . The f i r s t  in d u c tio n  o f l i v e r  tum ours 
in  r a t s ,  a f t e r  o-am inoazoto luene a d m in is tra t io n  was made in  th e  e a r ly  
1 930 's  (S asak i and Y osh ish ida , 1935)* Tumours produced in  la b o ra to ry  
ro d e n ts  a re  s im i la r  in  many r e s p e c ts  to  th o se  ap p earing  in  humans: 
th ey  a f f e c t  m ales more f r e q u e n tly  th a n  fem ales (F irm in g er and Reuber,
1 9 6 l): th ey  a re  o f te n  accompanied by c i r r h o s i s ,  though n o t n e c e s s a r i ly  
(F a rb e r , 1976) and th e y  e x h ib it  s im ila r  m orphological grow th p a t te r n s  
and c y to lo g ic a l  appearance to  human tum ours. In  a d d it io n , no t only i s  
th e re  an  a lm ost i d e n t i c a l  sequence from f i b r o t i c  le s io n s  to  angiosarcom a 
in  man fo llo w in g  exposure to  v in y l c h lo rid e  and ro d e n ts  t r e a te d  w ith  
v in y l c h lo r id e  b u t a ls o  th e re  i s  a  g re a t  d e a l of s im i la r i ty  in  
appearance betw een h e p a to c y tic  n o d u la r le s io n s  in  r a t s  and s te r o id -  
induced  le s io n s  in  humans in c lu d in g  cy to logy , a r c h i te c tu r e  and 
arrangem ent o f b lood  v e s s e ls  (Popper e t  aL , 1977)*
a) P re n e o p la s tic  L esio n s  and Tumour P ro g re ss io n
E xperim en ta l l i v e r  can ce r may appear w ith  o r w ithou t c i r r h o s i s
depending on th e  dose o f th e  carcinogen  (Bannasch, 19&8). The development 
o f tum ours accompanied by c i r r h o s i s  occurs a t  h igh  dose le v e l s  in  a  
r e l a t i v e l y  s h o r t  space o f tim e , and th e  developm ent of tum ours in  th e  
absence of c i r r h o s i s  fo llo w s  low dosage regim es a f t e r  a  long  la g  p e r io d .
In  a d d i t io n ,c i r r h o s i s  brought about by o th e r means e .g .  ch o lin e  d e fic ie n c y  
(Lombardi and Shinozuka, 1979) o f te n  in c re a s e s  tumour in c id e n c e . The 
ev idence su g g es ts  th a t  w h ils t  c i r r h o s i s  may a c c e le r a te  h e p a to ca rc in o g en es is  
in  some cases i t  i s  n o t e s s e n t i a l  f o r  tumour fo rm atio n . H e p a to c e llu la r  
carcinom as a r i s e  from  sm all c lu s te r s  o f c e l l s  which in c re a se  in  s iz e  
and number. The t r a n s i t i o n  of th e se  o r ig in a l  a l t e r e d  h ep a to cy te s  in to  
a  w e ll d e fin e d  tumour has been c l a s s i f i e d  in  v a r io u s  ways. Because 
o f th e  ov erlap  of v a r io u s  c l a s s i f i c a t i o n s  a  workshop committee has 
suggested  a s ta n d a rd  system  of nom enclature (S q u ire  and L e v i t t ,  1975)*
In  t h i s  th e  u se  o f th e  fo llo w in g  term s has been recommended: f o c i  f o r  
sm all le s io n s  l e s s  th a n  one lo b u le  in  s iz e ;a r e a  f o r  le s io n s  a s  la rg e  
a s  o r l a r g e r  th a n  a  lo b u le ;  n e o p la s t ic  nodule f o r  le s io n s  e q u iv a le n t in  
s iz e  to  s e v e ra l  l i v e r  lo b u le s  and h e p a to c e l lu la r  carcinom a f o r  le s io n s  
l a r g e r  and more i r r e g u la r  th a n  n e o p la s t ic  nodu les. Of th e  c e l l u l a r  
changes in  th e  f o c i  th e  b a so p h il ic  c e l l s  were though t to  have th e  g r e a te s t  
s ig n if ic a n c e  w ith  r e s p e c t  to  tumour fo rm a tio n . By th e  tim e th e se  f o c i  
have grown s u f f i c i e n t ly  to  be term ed n odu les, th e  normal l i v e r  a r c h i te c tu r e  
i s  l o s t .  The c e l l s  them selves a re  s im ila r  to  th o se  w ith in  th e  f o c i  and 
may show v a rio u s  cy top lasm ic  a l t e r a t i o n s .  M itoses and v a ry in g  deg rees  
o f n u c le a r  a ty p ia  may be observed . The c e l l s  may be a rran g ed  in  s o l id  
o r jum bled sh e e ts  o r  in  i r r e g u la r  p l a t e s  one o r more c e l l s  th ic k ,  th e  
s in u so id s  may be d i l a t e d  o r  compressed by en la rg ed  h e p a to c y te s . There 
i s  a  sharp  dem arcation  o f th e  nodule from th e  surround ing  t i s s u e  which 
i s  o f te n  com pressed by th e  expanding nodu le . The term  n e o p la s t ic  has 
been recommended to  re p la c e  th e  o ld  term , h y p e rp la s t ic ,  when r e f e r in g  
to  th e  nodules because ex p erim en ta l ev idence shows th a t  th e se  le s io n s  
a re  induced  by carc in o g en s and in d ic a te ,  a t  th e  l e a s t ,  an in c re a se d  
p r o b a b i l i ty  f o r  th e  developm ent of h e p a to c e l lu la r  carcinom a. However, . 
i t  has been su g gested  r e c e n t ly  th a t  nodules a re  no t o b lig a to ry  p re c u rso rs  
to  carcinom as and t h a t  th e  o r ig in  of carcinom as o u ts id e  of th e  nodule 
may be from a l t e r e d  f o c i  a s  in d ic a te d  in  f ig u r e  1.3* (W illiam s, 1980).
F ig u re  1 .3 .
Normal hep ato cy tei L a te n t i n i t i a t e d  c e l l s
A lte re d  fo cu si N eo p las tic  nodule
H e p a to c e llu la r  carcinom a
H e p a to c e llu la r  carcinom a may compress o r  ex tend  in to  th e  
su rround ing  parenchyma. They may he t r a b e c u la r  and w e ll-  to  p o o r ly -  
d i f f e r e n t i a t e d .  The c e l l s  may resem ble normal h ep a to cy te s  or th e y  may 
be en la rg ed  o r a n a p la s t ic  w ith  c le a r ,  e o s in o p h ilic  o r h y p e rb a so p h ilic  
cytoplasm  and f r e q u e n tly  w ith  en la rg ed  o r m u ltip le  n u c le i .  M itoses 
a re  o f te n  seen . These l i v e r  c e l l  carcinom as develop from  h ep a to cy te s  
(F a rb e r , 1963) .
With n e a r ly  a l l  h ep a to ca rc in o g en s , m alignant d is e a se  does no t 
develop u n t i l  months a f t e r  th e  s t a r t  of tre a tm e n t. During t h i s  p e rio d  
many c e l l u l a r  changes occur which m an ife s t them selves m orp h o lo g ica lly  
and c y to lo g ic a l ly  a s  a lre a d y  d e sc r ib e d . Though th e re  may be some s l i g h t  
v a r ia t io n  o f th e s e  changes w ith  d i f f e r e n t  carc in o g en s, many a re  common 
to  a l l  ca rc in o g en ic  reg im es. Of th e s e  changes th o se  which a re  in t im a te ly  
in v o lv ed  w ith  tum our fo rm atio n  must be determ ined , so must th e  new 
b io lo g ic a l  p ro p e r t ie s  a q u ire d  by th e s e  c e l l s  which enab le  them to  
become n e o p la s t ic .
D u c tu la r p r o l i f e r a t i o n  i s  a  common e a r ly  response  to  most h ep a to ­
carc in o g en s b u t h e p a to c e l lu la r  carcinom a may develop in  th e  absence of 
o b serv ab le  d u c tu la r  p r o l i f e r a t i o n  o r c i r r h o s i s .  Oval c e l l  p r o l i f e r a t i o n  
i s  observed  under c o n d itio n s  o f l i v e r  damage and i t  i s  no t th o u g h t to  
be an e s s e n t ia l  p a r t  of th e  s e r ie s  of ev en ts  le a d in g  to  tumour develop ­
ment though th e se  c e l l s  may d i f f e r e n t i a t e  in to  h ep a to cy te s  (Dempo e t  aL ,
1975)•
b) C e l lu la r  Changes O ccurring  E a rly  in  C arc inogenesis
Bannasch ( 1968;1976,*1978;1979; Bannasch e t  aL , 1979) has made an
e x te n s iv e  s tudy  o f th e  cy top lasm ic  changes o c cu rrin g  during  h ep a to ­
c a rc in o g e n e s is , p a r t i c u la r ly  N -n itro som orpho line-induced  h e p a to ca rc in o ­
g e n e s is , some o f which r e f l e c t  a  n e o p la s t ic  re sp o n se , o th e rs  m erely a 
d e g en e ra tiv e  re sp o n se . The d eg en e ra tiv e  changes appear in  th e  c e n t r i -  • 
lo b u la r  re g io n  of th e  l i v e r  lo h u le  and th e  degree of to x ic  change 
m an ifested  i s  a  r e f l e c t i o n  of th e  c o n c e n tra tio n  of th e  carc inogen .
These changes a re  seen under th e  l i g h t  m icroscope a s  a  re d u c tio n  in  
g lycogen c o n ten t of th e  c e l l s .  With low doses of th e  carc inogen  th e re  
i s  only  a  sm all band o f c e l l s  a f f e c te d  around th e  c e n tr a l  v e in , and a t  
h igh  doses v i r t u a l l y  th e  whole l i v e r  may be a f f e c te d .  The glycogen 
lo s s  i s  accompanied by th e  d isa g g re g a tio n  of th e  rough endoplasm ic r e t i c u ­
lum (RER)i and d i f f u s e  cy top lasm ic  b a so p h il ia  which may be more o r l e s s  
pronounced. Some c e l l s  may be e o s in o p h i l ic .  O ften  such c e l l s  undergo 
co ag u la tiv e  n e c r o s is .  M itochondria  may be more numerous and n e a r ly  
alw ays have reduced  c is te r n a e .  These changes r e f l e c t  to x ic  damage 
due to  th e  carc inogen  and a re  re v e rse d  between two and fo u r  weeks a f t e r  
th e  rem oval o f th e  carc in o g en . P e r ip o r ta l ly  d i f f e r e n t  changes occur. 
Glycogen i s  accum ulated above normal le v e l s  in  c le a r  c e l l s  ( in  which 
th e  g lycogen i s  l o s t  du rin g  f ix a t io n )  and a c id o p h i l ic  c e l l s  (Bannasch,
1976). I f  th e  dose l e v e l  of th e  carcinogen  i s  h igh  so a s  to  produce 
m ostly  to x ic  damage th e  glycogen s to ra g e  f o c i  do n o t appear u n t i l  a f t e r  
th e  carc inogen  i s  removed. The glycogen i s  s to re d  in  th e  cy top lasm ic  
m a trix  o r in  au to p h ag ic  v acu o le s . Tumours a re  though t to  a r i s e  from 
th e se  c e l l s .  With th e  t r a n s i t i o n  tow ards tumour fo rm atio n  th e se  glycogen 
s to ra g e  c e l l s  g ra d u a lly  lo s e  th e  glycogen w ith  a concom itant in c re a se  
in  cy top lasm ic  b a s o p h il ia  due to  in c re a s e s  in  RER and ribosom es. They 
show t r a n s i t o r y  f a t  accum ula tion . M itoses become more fre q u e n t w ith  
in c re a s in g  b a s o p h il ia  and th e  c e l l s  may become a rran g ed  in to  unusual 
s o l id  t r a b e c u la r  o r tu b u la r  p a t te r n s .  M ito ch o n d ria l changes a re  so 
v a r ie d  a s  to  be co n sid e red  in s ig n i f ic a n t  to  tumour fo rm atio n . Bannasch 
p roposes t h a t  th e  n o n -s p e c if ic  to x ic  a c t io n  o f th e  carcinogen  on th e  
c e n t r i lo b u la r  re g io n s  causes r e g re s s iv e  a l t e r a t i o n s  le ad in g  to  n e c ro s is  
and c i r r h o s i s .  On th e  o th e r  hand th e  p e r ip o r ta l  changes r e p re s e n t  
'sum m ation' e f f e c t s  of th e  s p e c i f ic  ca rc in o g en ic  a c t io n  and a re  due to  
th e  7 a l t e r a t i o n s  le a d in g  to  c e l l u l a r  tran sfo rm atio n - to  carcinom a.
The p ro g re s s io n  o f p e r ip o r ta l  c le a r  c e l l s  to  h y p e rp la s t ic  nodu les from
which h e p a to c e l lu la r  carcinom as develop , accompanied by a  change to  
'd a r k ' c e l l s  a s  was observed  in  th e  f i r s t  l i v e r  c a rc in o g e n e s is  S tu d ies  
(S a sa k i and .Y oshida, 1935)*
The appearance o f m ito se s  in  p e r ip o r ta l  re g io n s  has been observed 
w ith  o th e r  c a rc in o g e n e s is  reg im es (F irm in g er, 1955; Novi, 197?)•
However, Magee and B arnes (19^7)> w h ils t  observ ing  an in c re a se d  b a so p h il ia  
in  th e  p e r ip o r ta l  c e l l s  and th e  development of tumours from c lu s t e r s  of 
b a s o p h il ic  c e l l s  a t  low doses of d im e th y ln itro sa m in e , found th a t  w ith  
h igh  doses tum ours appeared  to  develop from n e s ts  o f c e l l s  lo c a te d  
c e n t r i lo b u la r ly .  In  c o n tr a s t  to  B annasch 's  s tudy  ( 1968) Novi (1977) 
re p o r te d  t h a t  w ith  a f la to x in  B^ ca rc in o g e n e s is  p e r ip o r ta l  c e l l s  were 
th e  most r a p id ly  damaged and c e n t r i lo b u la r  c e l l s  a f f e c te d  l e a s t ,  and 
th a t  th e  g lycogen  s to ra g e  c e l l s  were lo c a te d  c e n t r i l o b u l a r l y . - However 
th e  p e r ip o r ta l  c e l l s  were induced  to  become b a s o p h il ic  and p h e n o ty p ic a lly  
d i f f e r e n t i a t e d  ( a s  re g a rd s  drug m etabolism ) and u tim a te ly  r e s u l te d  in  
tumour fo rm a tio n .
C arcinogens a ls o  induce n u c le a r  changes such a s  n u c le a r  en largem ent, 
aneup lo idy  and h y p erp lo id y  e a r ly  on in  th e  c a rc in o g e n e s is  s tudy  b u t 
tum ours ap p ear to  develop  from  d ip lo id  c e l l s  (Magee and B arnes, 1967)*
Many n u c le a r  changes on ly  occur in  d eg en e ra tin g  c e l l s  (Novi, 1977) and 
r e v e r t  to  norm al on rem oval o f th e  carcinogen  (Bannasch e t  aL, 1979)* 
G en era lly  th e  changes a re  n o n -s p e c if ic  and u n lik e ly  to  be a  b a s ic  p re ­
r e q u i s i t e  f o r  can ce r in d u c tio n . Large l i p i d  vacuo les  may be seen  in  some 
u n d i f f e r e n t ia te d  l i v e r  c e l l  carcinom as bu t t h i s  i s  no t a  neccesa ry  
c h a r a c t e r i s t i c  of h e p a to c e l lu la r  carcinom a.
M orphological D e d if f e r e n t ia t io n  in  L iv e r  Tumours
C e r ta in  f o e t a l  m orpholog ical e lem ents a re  e x h ib ite d  by th e  tum our. 
F o e ta l  h ep a to cy te s  a re  no t a rran g ed  in  th e  o n e -c e l l  th ic k  cords 
c h a r a c te r i s t i c  of th e  a d u l t ,  b u t in  two c e l l - t h i c k  co rd s . Some tum ours 
may a ls o  show such an arrangem ent (F arber, 197&). 'S im i la r i t i e s  in  th e  
o rg a n is a t io n a l  p a t te r n  of h y p e rp la s t ic  le s io n s ,  develop ing  l i v e r  in  th e  
p e r in a ta l  p e r io d , .re g e n e ra tin g  l i v e r  a f t e r  th e  peak of c e l l  d iv is io n  and 
h e p a to c e l lu la r  carcinom as have been re p o r te d  (Ogawa e t  a l , 1979a). 
U l t r a s t r u c tu r a l ly  hepatocarcinom a c e l l s  induced by d ie th y ln itro sa m in e
showed m orpholog ical s i m i l a r i t i e s  w ith  f o e t a l  h ep a to cy te s  and d if f e r e n c e s  
from  normal a d u l t  h e p a to c y te s  in  t h a t  th e  smooth endoplasm ic re tic u lu m  
was se v e re ly  reduced  (B run i, 1973)* Human l i v e r  tumours have been 
c l a s s i f i e d  a s  be ing  e i t h e r  embryonic o r f o e t a l  form s (Altman, 1978) on 
th e  b a s is  of b o th  morphology and cy to lo g y . The em bryonal-type c e l l s  
c o n ta in in g  glycogen and o f te n  f a t ,  w ith  a lo o s e ly  s tru c tu re d  nu c leu s , . 
a re  a rran g ed  in  m u ltip le  l a y e r s .  The f o e ta l - ty p e  c e l l s  a re  sm a lle r  and 
more b a s o p h il ic ,  w ith  a  chrom atin -dense n u c leu s , and a re  a rran g ed  
i r r e g u la r ly  in  l a r g e r  com plexes. E x tram edu lla ry  haem atopo iesis  has 
a ls o  been dem onstra ted  in  some hepatomas (Rabes e t  aL, 1972a; Enomoto 
e t  aL , 1978). F or f u r th e r  s i m i l a r i t i e s  between tumour and f o e t a l  o r 
embryonic c e l l s  see  Table 1 .1 . (p . 22 )•
1 .3 . B iochem ical F e a tu re s  o f M alignancy
,1*3.1. The H is to ry  of th e  Study of Cancer B iochem istry
The u l t im a te  re a so n s  f o r  study ing  th e  b iochem ical f e a tu r e s  of 
cancer c e l l s  i s  to  determ ine th e  d if f e r e n c e s  from normal c e l l s  th a t  
w i l l  h e lp  in  th e  u n d ers tan d in g  o f th e  m o lecu lar n a tu re  o f th e  n e o p la s t ic  
s t a t e .  With t h i s  knowledge th e re p e u t ic  tre a tm e n ts  may be designed  on 
t r u l y  r a t i o n a l  grounds (C r is s ,  1975)> and in  a d d it io n , c e r ta in  b iochem ical 
m arkers might be re v e a le d  th a t  cou ld  be e x p lo ite d  a s  d ia g n o s tic  a id s .
The c h a r a c te r i s t i c  b io lo g ic a l  p ro p e r t ie s  of cancer c e l l s ,  i . e .  t h e i r  
c a p a c ity  f o r  autonomous grow th and the- a b i l i t y  to  invade and m e ta s ta s is e , 
r e f l e c t  an u n d erly in g  b iochem ica l d is tu rb a n c e . The q u e s tio n  i s ,  what 
a re  th e  b a s ic  c e l l u l a r  changes which enab le  th e  i n t r a c e l l u l a r  a c t i v i t y  
o f th e  cancer c e l l  to  escape th e  e x t r a c e l lu la r  c o n tro ls  th a t  o p e ra te  
to  re g u la te  th e  a c t i v i t y  o f normal c e l l s ?
Our p re s e n t views on th e  b io ch em istry  o f cancer have evolved 
th rough  th e  m o d if ic a tio n  and e x ten s io n  of e a r l i e r  id e a s . The advances 
in  cancer b io ch em istry  have been co n tin g en t upon advances in  g e n e ra l 
b io ch em istry  and th e  a v a i l a b i l i t y  of tum ours o f known p a th o g en e s is .
In  th e  e a r ly  p a r t  o f t h i s  cen tu ry  th e  only  tum ours a v a ila b le  f o r  
experim entation  were p o o rly  d i f f e r e n t i a t e d  and f a s t  grow ing. Warburg ( l9 3 l )  
n o tic e d  th a t  such tum ours a l l  accum ulated l a c t i c  a c id  in  th e  p resence  
o f oxygen. He concluded th a t  n e o p la s ia  was c h a ra c te r is e d  by a  h igh  
a e ro b ic  g ly c o ly s is  and a ro se  a s  a  consequence of carcinogens damaging 
th e  r e s p i r a to r y  mechanisms o f c e l l s  and th e re b y  causing  th e  ad o p tio n  
o f an a n ae ro b ic  m etabolism . An e x ten s io n  of t h i s  th e o ry  was th e  
convergence th e o ry  (G re e n s te in , 195^) based on th e  o b se rv a tio n s  of 
v a r io u s  b iochem ical p a ra m e te rs ,n o t s o le ly  g ly c o ly s is . The convergence 
th e o ry  proposed t h a t  "tum ours te n d  to  converge, en zy m atica lly  to  a  
common ty p e  o f t i s s u e . "  Both th e se  th e o r ie s  have been found to  be 
in ad eq u a te : W aburg's th e o ry  because of th e  d isco v e ry  of tum ours t h a t
do no t have a h igh  a e ro b ic  g ly c o ly s is  and of some normal t i s s u e s  t h a t  
do ( P i to t ,  1978a); and G re e n s te in 's  th e o ry  because of th e  g r e a te r  pheno­
ty p ic  d iv e r s i ty  e x h ib ite d  by th e  wide v a r ie ty  of tum ours t h a t  a re  
a v a i la b le  now ( P o t te r ,  196^-a)• A erobic g ly c o ly s is  i s  a c h a r a c t e r i s t i c
o f th e  l e s s  •w e l l-d if f e r e n t ia te d ,  f a s t e r  growing tumour ty p e s  and i t  
seems t h a t  a lth o u g h  a e ro b ic  g ly c o ly s is  i s  no t a  p r e r e q u is i te  f o r  
n e o p la s ia  i t  does c o r r e la te  w ith  g ro w th .ra te  (M orris, 1965; Weinhouse, . 
1966; H arrap , 1975)* A nother e a r ly  th e o ry  was th e  d e le t io n  h y p o th esis  
(M ille r  and M il le r ,  19^7) in  which c a rc in o g e n e s is  was though t to  
r e s u l t  from  . 'a  perm anent a l t e r a t i o n  o r lo s s  o f p ro te in s  e s s e n t ia l  f o r  : 
th e  c o n tro l  of growth b u t no t f o r  l i f e . '  T h is  h y p o th esis  was based 
on th e  o b se rv a tio n  th a t  normal l i v e r  p ro te in s  bound ca rc in o g en ic  azo 
dyes, b u t p rim ary  h e p a to c e l lu la r  carcinom as d id  n o t. These p ro te in s  
a re  r e f e r e d  to  a s  th e  h^ p r o te in s ;  s im ila r  p ro te in s  in  mouse sk in  b in d  
c a rc in o g e n ic  hydrocarbons in  a  d i r e c t  r e la t io n s h ip  to  t h e i r  c a rc in o ­
g en ic  a c t i v i t y .  The lo s s  o f th e se  p r o te in s ,  however, has been found 
n o t to  be n e ce ssa ry  f o r  c a rc in o g e n e s is  a s  h^ p ro te in s  have been 
dem onstrated  in  h ig h ly  d i f f e r e n t i a t e d  hepatom as ( P i to t ,  1978a) and azo 
dye b in d in g  has been d em o n stra ted ,a lth o u g h  a t  a  low er le v e l  th a n  in  
normal l i v e r  ( P i to t  and C a r d e l l i ,  1978). In  th e  1950 's  P o t t e r  ( c i t e d  
by P o t t e r , 1973) su g g es te d  th a t  th e  p ro te in s  d e le te d  d u rin g  c a rc in o ­
g e n e s is  may be th o se  i d e n t i c a l  o r a s s o c ia te d  w ith  c e r ta in  c a ta b o lic  
enzymes, a  view com patib le  w ith  G re e n s te in 's  h y p o th e s is , a s  w e ll a s  
some o f th e  b io lo g ic a l  a s p e c ts  o f neoplasm , such a s  ra p id  grow th.
Many hepatom as a v a i la b le  th e n  d id  la c k  many c a ta b o l ic  r e a c t io n s  
c h a r a c t e r i s t i c  o f norm al l i v e r .  T h is  h y p o th e s is  to o  has had to  be 
abandoned s in ce  f u r th e r  in v e s t ig a t io n  w ith  o th e r  hepatomas have shown 
t h a t  th e re  a re  e x ce p tio n s  to  every  d e le t io n  ( P o t te r ,  1973)•
1 .3 .2 .  The B iochem istry  of T ra n sp la n ta b le  Hepatomas
A m ajor landm ark in  th e  s tudy  of th e  b io ch em istry  o f cancer was 
th e  developm ent o f a  s e r i e s  o f t r a n s p la n ta b le  hepatom as, ran g in g  from  
slow -grow ing h ig h ly  d i f f e r e n t i a t e d  ty p e s  to  fa s t-g ro w in g  p o o rly  
d i f f e r e n t i a t e d  ty p e s , by M orris  in  th e  l a t e  1 9 5 0 's  (M orris, 1965; M orris  
and S la u g h te r , 1978). These in c lu d e d  th e  s o -c a l le d  ’minimal d e v ia t io n ' 
hepatomas which a re  h ig h ly  d i f f e r e n t i a t e d  and slow grow ing, have normal 
k a ryo types and have a b iochem ical phenotype q u a l i t a t iv e ly  s im i la r  to
norm al a d u l t  l i v e r .  S tu d ie s  o f th e se  hepatom as re v e a l  a  g re a t  d iv e r s i ty  
in  t h e i r  b iochem ica l phenotype (Wu, 1967) .  One c h a r a c te r i s t i c  th ey  have
in  common i s  an a l t e r e d ,  n e a r ly  alw ays reduced , response  to  humoral and 
hormonal c o n tro ls  (C r is s ,  1974). For example, th e re  i s  a  lo s s  of fe e d ­
back c o n tro l by end p ro d u c t in h ib i t io n  o f c h o le s te ro l  sy n th e s is  not 
on ly  in  p o o rly  d i f f e r e n t i a t e d  hepatomas b u t a ls o  in  th e  minimal 
d e v ia t io n  hepatom as ( S ip e r s te in ,  1965)* D e fec tiv e  feedback  c o n tro l i s  
an e a r ly  a c q u ire d  phenomenon and i s  dem onstrated  in  r a t  l i v e r  a f t e r  
only  7 -  14 days fo llo w in g  th e  a d m in is tra tio n  of a  v a r ie ty  of h ep a to - 
carc inogens (S ab in e , 1976). The re g u la t io n  of c h o le s te ro l  and f a t t y  
a c id  b io s y n th e s is  by c y c l ic  n u c le o tid e s  i s  a ls o  l o s t  in  hepatomas 
(B ric k e r  and Levey, 1972). Loss o f feedback  c o n tro l  has s im i la r ly  
been shown in  th e  pathway of heam b io s y n th e s is , S -a m in o le v u lin ic  
a c id  sy n th e ta se  cannot be su p re ssed  by exogenous haem in  hepatomas 
(S ab in e , 1976). O ther d e fe c tiv e  m etabo lic  c o n tro ls  have been re p o r te d , 
f o r  example th e  la c k  o f resp o n se  o f g lucose  6-phosphate  dehydrogenase 
and th re o n in e  d eh y d ra tase  to  d ie ta ry  s t im u li  ( P o t te r ,  1964.a ) . '  F a s tin g  
does n o t i n h i b i t  l i p i d  s y th e s is  in  hepatomas a s  i t  does in ..norm al 
l i v e r  (M ishkin and H alpern , 1978). An ex cep tio n  to  th e  g e n e ra l r u le  o f 
d ecreased  re sp o n s iv e n e ss  o f enzymes to  re g u la t io n  in  hepatomas i s  
shown by ty ro s in e  a m in o tra n s fe ra se  which i s  induced by c o r tis o n e  to  
a  g r e a te r  degree in  a  minimal d e v ia t io n  hepatoma (5123) th a n  in  normal 
l i v e r  ( P i to t  and C a r d e l l i ,  1978). Furtherm ore, th e  m etabo lic  r e g u la t io n  
o f g lucose  6 -p h o sp h a tase , ty ro s in e  a m in o tra n sfe ra se  and try p to p h an  
p y rro la s e  (d ioxygenase) has been shown to  be r e ta in e d  in  h y p e rp la s t ic  
nodu les (T eebor and Seidman, 1970).
_a) P henotyp ic  D iv e r s i ty  of T ran sp la n tab le  Hepatomas a s  a  R esu lt of 
A lte re d  R egu la to ry  C on tro l
A stu d y  o f v a r io u s  minimal d e v ia t io n  hepatomas has shown th a t  
a lth o u g h  th e y  a l l  e x h ib i t  abnormal behav iou r in  carb o h y d ra te , amino 
a c id , l i p i d  and n u c le ic  a c id  m etabolism , of drug m etab o liz in g  enzymes, 
and th e  r e g u la t io n  of enzymes by c y c lic  n u c le o tid e s , hormones and 
d ie ta r y  s t im u l i ,  n o t a l l  o f th e  hepatomas showed th e  same r e l a t i v e  
degree of ab n o rm ality  f o r  each m etabo lic  c h a r a c te r i s t i c  (G o ld farb  and 
P i t o t ,  1976). There i s  th e re fo re  a  g re a t  d iv e r s i ty  in  th e  b io ch em istry  
o f tum ours and t h i s  i s  analogous to  th e  d iv e r s i ty  of normal t i s s u e .
P o t te r  (1973) has su ggested  th a t  t h i s  may be ex p la in ed  by an a l t e r e d  
re sp o n siv e n e ss  to  m o lecu lar m essengers in  pathways under re g u la to ry  
c o n tro l and feedback  lo o p s ; s in ce  no t only can m olecu lar m essengers 
e l i c i t  m u ltip le  re sp o n ses  and most r e c e p to r s  a re  re sp o n siv e  to  some 
degree to  more th a n  one m essenger, b u t a ls o  most in te rm ed ia ry  m e ta b o lite s  
may be m e tab o lised  v ia  a  number of a l t e r n a t iv e  pathways and may serve  
a s  m olecu lar m essengers th em selves; fu rth erm o re  a l l  m olecu lar m essengers 
a re  s u b je c t  to  m etabolism  i . e .  s y n th e s is ,  d e g ra d a tio n , d is s o c ia t io n ,  
b in d in g  and t r a n s p o r t .  Thus sm all changes in  re sp o n siv en ess  o f c e r ta in  
pathways may be a m p lif ie d  to  l a r g e r  changes in  many o th e r  pathw ays.
b) Pheno typ ic  D iv e rs i ty  and th e  Minimal D ev ia tio n  Concept
D esp ite  th e  ap p a ren t d iv e r s i ty  of tum ours i t  i s  to  be hoped th a t  
th e re  i s  some common m o lecu lar key to  th e  n a tu re  o f th e  cancer c e l l .
The sea rch  f o r  a  u n ify in g  h y p o th es is  le d  P o t t e r  ( c i t e d  by P o t te r ,  1973) 
o r ig in a l ly  to  propose th e  concept o f minimal d e v ia t io n . T h is  concept 
i s  an a ttem p t to  d e f in e  th e  minimum changes n ecessa ry  to  produce cancer 
by e lim in a tin g  th e  n o n -e s s e n tia l  changes. Such n o n -e s s e n tia l  changes, 
th o u g h t to  a r i s e  when th e  o r ig in a l  tran sfo rm ed  c e l l s  undergo f u r th e r  
changes in  m etabolism  and appearance , would th e re fo re  g ive  r i s e  to  a 
wide spectrum  o f m alignant s t a t e s .  F o r example k a ry o ty p ic  a b n o rm a li t ie s , 
a lth o u g h  observed  in  many tu m o u rs ,a re  n o t found in  a l l  o f them and 
th e re fo re  belong to  th e  ca teg o ry  of n o n -e s s e n tia l  changes. I f  t h i s  
concept were t r u e  one would expect t h a t  p re n e o p la s t ic  nodules would 
e x h ib i t  a  g r e a te r  degree o f hom ogeneity, b u t t h i s  i s  no t th e  case  ( P i to t  
e t  aL , 1963; K itagaw a, 1971)• P i t o t  has su ggested  th a t  th e  key to  th e  
pheno typ ic  d iv e r s i ty  o f tum ours i s  a s  a  r e s u l t  of a l t e r e d  t r a n s l a t i o n a l  
c o n tro l ,  p o s s ib ly  mRNA tem p la te  s t a b i l i t y  ( P i to t  e t  aL , 1974), bu t 
th e re  i s  a s  y e t  l i t t l e  d i r e c t  ev idence to  su p p o rt t h i s .
c) , P heno typ ic  D iv e rs ity  o f Tumours E xp lained  by th e  M olecular 
C o rre la tio n  Concept
The m o lecu lar c o r r e la t io n  concept has a ls o  been proposed to  e x p la in  
th e  enzymic d iv e r s i ty  of tum ours (Weber and Lea, 1967; Weber, 1972; 1974;
1976;1977)* The b a s is  o f t h i s  concept i s  th e  s tudy  of key enzymes in  
m etabolism . The phenotype o f th e  tumour being  determ ined  by th re e  
c a te g o r ie s  o f enzymes:
( i )  P ro g re ss io n  l in k e d , i . e .  th e  enzyme ch an g es .a re  in  p a r a l l e l  w ith  
th e  degree of m alignancy;
( i i )  T ran sfo rm atio n  lin k e d , i* e . shared  by a l l  neoplasms and connected 
w ith  m alignan t tra n s fo rm a tio n  i t s e l f ;
( i i i )  C o in c id e n ta l, i . e .  random and no t connected w ith  th e  cause 
o f n e o p la s ia .
The f i r s t  two c a te g o r ie s  in c lu d e  key enzymes in vo lved  in  ca tab o lism  
and b io s y n th e s is  which would co n fe r a  s e le c t iv e  advantage to  th e  tumour 
c e l l ,  e .g .  g lu co se  breakdown i s  in c re a se d  a s  i s  n u c le ic  a c id  s y n th e s is .  
I n  th e  case o f isoenzym es th o se  under re g u la to ry  c o n tro l  a re  re p la c e d  
by th o se  l e s s  re sp o n s iv e  to  re g u la to ry  s t im u l i  to  a llow  m etabolism  to  
p roceed  u n f e t te r e d .  The t h i r d  ca teg o ry , th e  c o in c id e n ta l  enzyme 
changes, c o n tr ib u te  to  th e  d iv e r s i ty  of tumour phenotypes bu t a re  o f 
no s ig n if ic a n c e  to  th e  n e o p la s t ic  p ro c e ss  i t s e l f .
1 .3 .3 .  The Concept o f F o e ta lism  in  Tumours
A nother approach  to  e x p la in in g  th e  d iv e r s i ty  o f tumours i s  th e  
id e a  of 'f o e ta l i s m ' i . e .  n e o p la s t ic  c e l l s  lo s e  a d u l t  d i f f e r e n t i a t e d  
c h a r a c te r i s t i c s  and a c q u ire  f o e t a l ,  u n d i f f e r e n t ia te d  ones so t h a t  th e  
b iochem ical d iv e r s i ty ,  l i k e  th e  m orphological d iv e r s i ty  of tum ours 
r e f l e c t s  th e  degree o f d e d i f f e r e n t ia t io n  o r how f a r  th e  tumour has 
re g re s s e d  down th e  p a th  to  i t s  a p p ro p r ia te  f o e t a l  t i s s u e  c o u n te rp a r t .
A s t r ik in g  f e a tu r e  of tum ours i s  th e  appearance o f f o e t a l  c h a r a c t e r i s t i c s .  
I f  a  l i s t  o f th e  p ro p e r t ie s  of cancer c e l l s  i s  drawn up, s i m i l a r i t i e s  
w ith  c e r ta in  embryonic c e l l s  may be seen (T ab le  1 .1 . ) .
In v a s iv en e ss  and th e  a b i l i t y  to  s t im u la te  th e  p r o l i f e r a t i o n  of 
th e  m aternal b lood  system , w h ils t  no t be ing  p ro p e r t ie s  o f f o e t a l  
t i s s u e  i t s e l f  a re  however c h a r a c te r i s t i c  of th e  embryonic c e l l s  -  
th e  t r o p h o b la s ts . In  a d d i t io n  th e  lo s s  o f cohesiv en ess  and in c re a se d  
m o b ility  i s  a  p ro p e r ty  o f many tumour c e l l s  in  common w ith  f o e t a l  and 
embryonic c e l l s .
T able 1 .1 . C h a r a c te r is t ic s  o f Cancer C e lls
i )  The p o sse ss io n  o f a u to a n tig e n s
i i )  The a b i l i t y  to  escape th e  immune response  of th e  h o s t
i i i )  A l te r a t io n s  in  th e  cy top lasm ic com position ,' in c lu d in g
isoenzyme r a t i o  changes, th e  appearance of isoenzymes and 
o th e r  p ro te in s  no t found in  th e  t i s s u e  of o r ig in , o r in  some 
in s ta n c e s  any a d u l t  t i s s u e  
iv )  In v a s iv e n e ss  and th e  a b i l i t y  to  m e ta s ta s ise
v) S tim u la tio n  o f h o s t re sp o n se s , in c lu d in g  adequate  b lood
supply  and th e  grow th of su p p o rtin g  t i s s u e  
v i )  In c re a se d  r a t e  of grow th and c e l l  d iv is io n  in  most in s ta n c e s
v i i )  P ro g re ss io n  and th e  a b i l i t y  to  change g ra d u a lly  in  a  v a r ia b le
and in d iv id u a l i s t i c  manner w ith  tim e from p re n e o p la s tic  
th ro u g h  many s ta g e s  of n e o p la s t ic  growth
(Anderson and Coggin, 1974)
G re en s te in  (1954) observed  t h a t ,  "As a whole, th e  m etabo lic  
b eh av io u r of hepatoma and f o e t a l  l i v e r  i s  n e a r ly  s im ila r  and q u i te  
d i f f e r e n t  from  th a t  o f th e  n e a r ly  s im i la r  m etabo lic  p ro p e r t ie s  o f 
r e s t in g  a d u lt  l i v e r  and re g e n e ra tin g  l i v e r  a f t e r  p a r t i a l  hepatectom y."
A re c e n t  r e e v a lu a tio n  of G re e n s te in 's  s ta tem en t u s in g  d a ta  from many 
so u rces  on enzymic and non-enzymic components of f o e t a l ,  re g e n e ra tin g  
and r e s t in g  a d u l t  l i v e r  and hepatomas has reached  th e  same co n c lu s io n  
(Knox, 1976). The more d i f f e r e n t i a t e d ,  slow -grow ing tum ours being  
more s im ila r  to  th e  a d u l t  t i s s u e  and th e  less- d i f f e r e n t i a t e d  tum ours 
being  more s im i la r  to  th e  f o e t a l  t i s s u e  (Knox, 1974). Thus, th e  
ap p a ren t d iv e r s i ty  of tumour phenotypes r e f l e c t s  th e  d i f f e r in g  degree 
o f d i f f e r e n t i a t i o n  o f a  spectrum  of tum ours. As a l l  t i s s u e s  a re  
d e riv e d  u l t im a te ly  from  a s in g le  c e l l  and s in c e  during  o rganogenesis 
b iochem ical d i f f e r e n t i a t i o n  causes th e  g ra d u a l d ivergence  of phenotypes 
o f d i f f e r e n t  t i s s u e s ,  one would expect f o e t a l  t i s s u e s  to  be more 
s im i la r  to  each o th e r  th a n  a re  a d u l t  t i s s u e s .  I f  tum ours r e p re s e n t  a  
p ro g re s s io n  tow ards more immature c e l l  form s, th en  p o o r ly - d i f f e r e n t ia te d
tum ours o f one t i s s u e  would be s im i la r  to  th e  p o o r ly - d i f f e r e n t ia te d  
tum ours o f a n o th e r . Thus, th e  convergence h y p o th esis  of G reen s te in  can 
be e x p la in ed  in  term s of fo e ta l is m .
The re su rg en ce  o f f o e t a l  isozym es in  tum ours has been re p o r te d  by' 
many a u th o rs  (S c h a p ira ,1966; 1973; C r is s , 1971; E lfo rd , 1972; Walker and 
P o t te r ,  1972; Weinhouse e t  aL , 1972;1976; Ic h ih a ra , 1975; Fishman and 
S in g e r, 1975; Goto e t  aL , 1977; Both e t  aL , 1977)* Another f o e ta l  
c h a r a c t e r i s t i c  o f'hepatom as i s  th e  re su rg en ce  of f o e t a l  a n tig e n s , 
p a r t i c u l a r ly  a lp h a - f e to p ro te in  (A belev, 1971; A lexander, 1972; Baldwin, 
1973)* The s y n th e s is  of a lp h a - f e to p ro te in  i s  not m erely a  r e f l e c t i o n  o f 
grow th r a t e ,  which one might suppose from i t s  t r a n s i to r y  appearance in  
re g e n e ra tin g  l i v e r ,  because an a r t i f i c i a l  h a l t in g  of p r o l i f e r a t i o n  does 
no t p rev en t i t s  synthesis. Embryonic -g lo b u l in  has been shown to  
in c re a s e  in  tum ours (W atabe, 1971) and ca rc in o p lacen tx L ' a n tig e n s  and 
isoenzym es ( i . e .  th o se  found in  tumour and p la c e n ta  bu t n o t in  normal 
a d u l t  o r  f o e t a l  t i s s u e )  have been shown in  b o th  human cancer(Fishm an 
e t  aL , 1968; Spellm an and F o t t r e l l ,  1973) an(l  an tumours of exp erim en ta l 
an im als ( ic h ih a ra ,  1976). V arious o th e r  s i m i l a r i t i e s  in  f a c to r s  th o u g h t 
to  p la y  a  r o le  in  gene re g u la t io n  and e x p re ss io n , have been observed  in  
tum ours and f o e t a l  o r embryonic t i s s u e s .  C e r ta in  tRNA m olecules have 
been found in  hepatoma c e l l s  and r a t  fo e tu s e s  bu t no t in  normal o r 
r e g e n e ra tin g  l i v e r  (Yang, 1971)• F u rth erm o re , a s tudy  on tRNA m ethy lase  
enzymes has shown t h a t  th e  m e th y la tin g  a c t i v i t y  of n e o p la s t ic  l i v e r  
enzymes i s  more s im i la r  to  f o e t a l  l i v e r  enzymes th an  a d u l t  l i v e r  enzymes. 
Changes in  n o n -h is to n e  p ro te in s  in  cancer analogous to  f o e t a l  changes 
have a ls o  been d e sc r ib e d  (Yeoman e t  aL , 1976).
The e c to p ic  s y n th e s is  o f p o ly p ep tid e  hormones and isoenzymes may 
a ls o  be embryonic in  c h a ra c te r .  The common embryonic o r ig in  o f th e  
p i t u i t a r y  and th e  lu n g  in  th e  endoderm su g g es ts  th a t  th e  p ro d u c tio n  o f 
p i t u i t a r y  hormones by lung tum ours i s  a  r e f l e c t i o n  of t h e i r  common embryonic 
a n c e s try  (Weinhouse e t  aL , 1976).
The s ig n if ic a n c e  o f th e  fo e ta l is m  of tum ours i s  open to  s p e c u la tio n  
and th e  mechanisms in v o lv ed , unknown. V arious hypotheses have been pu t 
fo rw ard  to  e x p la in  t h i s  phenomenon. I t  may a r i s e  by ca rc in o g en ic  
s e le c t io n  o f stem c e l l s ,  p h e n o ty p ic a lly  s im i la r  to  f o e t a l  c e l l s ,  which 
in s te a d  o f undergoing normal d i f f e r e n t i a t i o n  to  m ature c e l l s ,  d i f f e r e n t i a t e
in to  n e o p la s t ic  c e l l s  (P ie rc e , 1970). A lte rn a t iv e ly  th e re  may be th e  
fo rm atio n  o f embryonic o r  p a r t i a l l y  s p e c ia l is e d  stem c e l l s  from  a d u lt  
c e l l s ,  under th e  in f lu e n c e  of th e  carcinogen , which th en  grow to  re p la c e  
dead c e l l s .  The stem  c e l l s  may be b locked a t  any one of a  number of 
s ta g e s  of reon togeny  (P o t te r ,  1969; W alker and P o t te r ,  1972). S im ila r ly , 
p ro p o sa ls  by U r ie l  (1976) in v o lv e  a  s tep -w ise  r e t r o d i f f e r e n t i a t i o n  of 
norm al m ature c e l l s  to  more immature ty p es  by a r e v e r s a l  o f normal 
ontogeny, w ith  th e  phenotype becoming n e o p la s t ic  by being  locked  a t  any • 
one of th e se  s te p s .  The term  d i s d i f f e r e n t i a t i o n  has been proposed 
(Sugim ura e t  aL , 1972) a s  an a l t e r n a t iv e  d e s c r ip t io n  of c a rc in o g e n e s is , 
em phasising th a t  enzymic form s of tum ours may not n e c e s s a r i ly  be f o e t a l  
in  n a tu re  b u t may be c h a r a c t e r i s t i c  of. a  d i f f e r e n t  a d u lt  t i s s u e ,  i . e .  
im plying an a l t e r n a t iv e  ro u te  o f r e d i f f e r e n t i a t i o n  to  t h a t  norm ally  
fo llo w ed .
1 .3 .4 .  D e d if f e r e n t ia t io n  in  th e  Host L iv e r of Tum our-bearing Animals
Enzymic d e d i f f e r e n t ia t io n  has been observed in  th e  h o s t l i v e r s  of 
tum our-bearing  r a t s  ( P o t te r ,  1964b;Suda e t  a l , 1966 ;1972) and p a r a b io t ic  
experim ents su g g est t h a t  th e se  changes a re  due to  some chem ical 
m essenger from th e  can cer c e l l s  inducing  th e  immature s t a t e  of th e  h o s t 
l i v e r  (Suda e t  a l , 1966;1972). The im p la n ta tio n  o f tum ours in to  young 
r a t s  p rev en ted  th e  emergence o f some enzymes c h a r a c te r i s t i c  o f th e  
a d u l t  l i v e r ,  and im p la n ta tio n  o f tum ours in  a d u l t  r a t s  caused an  in c re a s e  
o f  enzymes p re s e n t in  foetal Liver and lo s s  o f a d u l t - s p e c i f i c  ones 
(H e rz fe ld  and G reengard, 1972). O ther h o s t l i v e r  e f f e c t s  in c lu d e  a  
re d u c tio n  o f mixed fu n c tio n  .oxidase a c t i v i t y  a s  shown by in c re a se d  
h e x o b a rb ita l  s le e p in g  tim e , d ecreased  c h o le s te ro l  s y n th e s is ,  a  s l i g h t  
re d u c tio n  in  amino a c id  m etabolism  and an in c re a s e  in  S' n u c le o tid e  
p h o sp h o d ies te ra se  (w hich i s  a ls o  in c re a se d  in  hepatoma and re g e n e ra tin g  
l i v e r ) . F a t ty  a c id  m etabolism  may be in c re a se d  o r decreased  depending 
on th e  n a tu re  o f th e  t r a n s p la n te d  tumour (G o ld farb  and P i t o t ,  1976).
1.3*5* E a rly  Changes in  H epato carc in o g en esis
In  o rd e r  th a t  b iochem ical d if f e r e n c e s  may be e x p lo ite d  a s
d ia g n o s t ic  m arkers f o r  c a rc in o g n e s is  th ey  must "be d e te c ta b le  a t  an 
e a r ly  s ta g e  o f tu m o u rig en es is . The b iochem ical changes in  p re n e o p la s t ic  
a l t e r e d  f o c i  have been in v e s t ig a te d  by a number of w orkers. The 
enzyme changes seen in  th e se  f o c i  of a l t e r e d  c e l l s  in c lu d e  d ecrea se s  
in  g lu co se  6 -p h o sp h a tase , adenosine  tr ip h o sp h a ta se  (M oulin and D aoust, 
1971; Rabes e t  a h , 1972b;Scherer e t  a b , 1972; G old farb , 1973) 
d e c rea se s  in  r ib o n u c le a se  (D aoust, 1972; Murthy and D aoust, 1977)> 
deoxyribonuclease  (T aper e t  a l , 1971)» p o ly c y t id i l i c  a c id  and p o ly -  
u r id y l ic  a c id  h y d ro la se s  (D aoust, 1977)* D ecreases have a ls o  been 
observed  in  a c id  and a lk a l in e  p h o sp h atases , su c c in ic  dehydrogenase,
5 ' n u c le o tid a se  and (3-g lu c u ro n id a se  (K itagaw a, 1971; Kitagawa and 
Sugano, 1973; K alengayi and Desmet, 1975; Tatem atsu e t  a l , 1977)* 
In c re a s e s  have been seen  in  g lucose  6-phosphate  dehydrogenase (K alengayi 
and Desmet, 1975) and 5 -g lu tam y l tra n s p e p tid a s e  (K alengayi e t  a l ,
1975; Harada e t_ ab , 1976). F o r some of th e se  enzymes th e  changes 
r e p re s e n t  th e  lo s s  of a d u l t  enzymes o r th e  in c re a s e  of enzymes p re se n t 
in  th e  f o e t a l  l i v e r  (Onoe e t  a l., 1976). In  a d d it io n , th e  lo s s  o f 
re sp o n siv e n e ss  to  d ie ta r y  re g u la t io n  of s e r in e  deh y d ra tase  and g lucose  
6 -phosphatase  has been dem onstrated  in  p re n e o p la s t ic  nodules (K itagawa 
and P i t o t ,  1975)*
Bannasch b e lie v e s  t h a t  th e  f i r s t  change in  p re n e o p la s tic  c e l l s  
i s  th e  ex cessiv e  s to ra g e  o f g lycogen, which occurs  b e fo re  th e  enzyme 
changes ta k e  p la c e . The glycogen i s  th en  l o s t  to g e th e r  w ith  th e . lo s s  
of some enzymes and th e  a c q u is i s t io n  of o th e rs , by p ro g re s s iv e  
a l t e r a t i o n s  r e l a t e d  to  th e  pheno typ ic  ex p re ss io n  o f m alignancy (T aper 
and Bannasch, 1976).
The p re n e o p la s t ic  le s io n s  a re  a ls o  r e s i s t a n t  to  iro n  accum ulation  
by d ie ta r y  o v erlo ad  and in  t h i s  way th ey  a re  s im ila r  to  hepatom as and 
d i f f e r e n t  from  normal l i v e r  (W illiam s e t  a l., 1976). In  f a c t  i t  has 
been suggested  t h a t  t h i s  i s  a  more s e n s i t iv e  m arker f o r  p re n e o p la s tic  
le s io n s  th a n  enzyme changes which a re  sometimes v a r ia b le  (H iro ta  and 
W illiam s, 1979).
1 .4 . Enzymic D if f e r e n t ia t io n  in  R at L iv e r
1 .4 .1 .  The N ature  of th e  Enzymic Ghange
The enzymic complement o f a d u l t  r a t  l i v e r  does no t re p la c e  th e  
f o e t a l  one g ra d u a lly , n o r does th e  m etabo lic  behav iou r of th e  l i v e r  
suddenly  sw itch  over a t  b i r t h .  R ather th e re  a re  th re e  c r i t i c a l  p e rio d s  
d u ring  th e  developm ent o f m etab o lic  a d a p ta tio n  to  p h y s io lo g ic a l needs 
which r e s u l t  in  th e  rep lacem en t o f enzymes p re s e n t in  th e  fo e tu s  by 
ones c h a r a c t e r i s t i c  o f th e  a d u l t  (G reengard, 1971; S n e ll ,  1971)•
Groups o f enzymes show sudden changes in  t h e i r  a c t i v i t y  between 
s ix te e n  and tw enty-one days of g e s ta t io n ,  du rin g  th e  f i r s t  p o s t - n a ta l  
day and in  th e  t h i r d  p o s t - n a ta l  week and a re  s a id  to  belong to  th e  l a t e  
f o e t a l ,  n e o n a ta l and l a t e  su ck lin g  c lu s t e r s  r e s p e c t iv e ly  (G reengard , 1971)•
1 .4 .2 .  Changes in  Enzyme A c tiv i ty  as  a  Response to  P h y s io lo g ic a l S tim u li '
B efore b i r t h  th e  fo e tu s  i s  su p p lied  w ith  g lucose  and amino a c id s ,  
b u t no t l i p i d s  which cannot t r a v e r s e  th e  p la c e n ta  (Vernon and W alker,
1968) and has i t s  n itro g en o u s  waste /removed by th e  m other. Once i t  
h as been born  i t  must cope w ith  th e se  req u irem en ts  i t s e l f .  The 
o b se rv a tio n  t h a t  some enzymes a r i s e  s h o r t ly  b e fo re  b i r t h  and o th e rs  
s h o r t ly  a f t e r  su g g es ts  t h a t  th e  enzymes belong ing  to  th e  l a t e  f o e t a l  
c lu s t e r  a re  re q u ire d  im m ediately  f o r  s u rv iv a l w hereas th e  n e o n a ta l 
c lu s t e r  enzymes can develop  a f t e r  b i r t h .  Urea cy c le  enzymes r i s e  
du rin g  th e  l a t e  f o e t a l  p e r io d  (G reengard, 1971) a s  th e  deam ination  o f 
n itro g en o u s  w aste i s  e s s e n t i a l .  Some deam inases and tran sam in ases  
e .g .  g lu tam ate  dehydrogenase and a s p a r ta te  a m in o tra n s fe ra se  a ls o  
make t h e i r  f i r s t  appearance a t  t h i s  tim e . Enzymes re s p o n s ib le  f o r  
glycogen s y n th e s is  a re  p re s e n t b e fo re  b i r th ,  le a d in g  to  m assive 
g lycogen accum ulation  in  th e  l a t e  f o e t a l  l i v e r  (Moog, 1965)* The 
com bination o f an in c re a s e  in  glycogen phosphory lase  and g lu co se  6 
-p h o sp h a tase  w ith  a  d ecrease  in  ph o sp h o fru c to k in ase  and f r u c to s e  
d iphosphate  a ld o la s e  p r e -  and p o s t - n a ta l ly  r e f l e c t s  an in c re a se d  
c a p a c ity  f o r  th e  conversion  of g lycogen to  f r e e  g lucose  w ith  d ec rea sed  
c a p a b i l i ty  f o r  th e  conversion  of glycogen to  l a c t a t e  (Burch e t  aL , 19&3)•
A fte r  b i r t h ,  d e s p ite  th e  s to re  of g lycogen and th e  presence  o f enzymes 
n ecessa ry  f o r  i t s  m o b iliz a tio n , th e  anim al becomes hypoglycaem ic. The 
d ie t  o f th e  neonate  i s  . r ic h  in  amino a c id s  and l i p i d s  and low in  
ca rb o h y d ra te . C arbohydrates in  m ilk  a re  s u f f i c i e n t  f o r  only 10% of th e  
energy needs of th e  neonate  (Vernon and W alker, 1968). Because of t h i s  
change in  d i e t  th e re  i s  a  n e o n a ta l in c re a se  in  enzymes invo lved  in  
deam ination  and g lu co n eo g en esis  from  amino a c id s .  For example s e r in e  
d eh y d ra ta se , ty ro s in e  a m in o tra n s fe ra se , a sp a ra g in a se  and phosphoenol- 
p y ru v a te  carboxyk inase  ap p ear and g lu co se  6 -phosphatase  shows a 
f u r th e r  in c re a s e . Phosphoenolpyruvate carboxykinase i s  a  key enzyme 
in v o lv ed  in  th e  r e g u la t io n  o f g luconeogenesis  and r i s e s  r a p id ly  d u ring  
th e  f i r s t  two p o s tn a ta l  days and rem ains e le v a te d , compared w ith  a d u l t  
le v e l s ,d u r in g  th e  su ck lin g  p e r io d . The changes in  enzyme le v e l s  a re  to o  
sudden and to o  g re a t  to  be accounted  f o r  by an  in c re a s e  in  h e p a tic  
parenchym al c e l l s  and d ecrease  in  h aem ato p o e itic  c e l l s  (G reengard e t  aL , 
1972). In c re a s e s  in  m ito ch o n d ria l enzymes e .g .  g lu tam ate  dehygrogenase 
in  th e  p e r in a ta l  p e r io d  accompany an in c re a se  in  th e  number o f m itochondria  
a t  t h i s  tim e (Moog, 1965)* At weaning th e re  i s  a  s h i f t  from a  h ig h  f a t ,  
h ig h  p r o te in ,  low carb o h y d ra te  d ie t  to  one t h a t  i s  carbohydrate  r i c h .
There i s  th e r e f o r e  a  need f o r  in c re a se d  re g u la t io n  of carbohydrate  
m etabolism , in te rc o n v e rs io n  of amino a c id s  and l i p i d  s y n th e s is .
G lucok inase , a  h ig h  Km, h ig h ly  s p e c i f ic  enzyme th a t  i s  s t r i c t l y  
re g u la te d  (P erez  e t  a l ., 1964) ap p ears  d u rin g  th e  l a t e  su ck lin g  p e r io d .
Many a m in o tra n s fe ra se s  belong  to  t h i s  c lu s t e r  to o  e .g .  a la n in e  
a m in o tra n s fe ra se , o rn i th in e  a m in o tra n s fe ra se . In  response  to  th e  h ig h  
carb o h y d ra te , low f a t  d i e t  g lucose  6 -phosphate  dehydrogenase and 6-phospho- 
g lu co n a te  dehydrogenase in c re a s e  (B urch e t  a l . , 19^3) a s  d o .o th e r  enzymes 
in v o lv ed  d i r e c t l y  o r  i n d i r e c t ly  w ith  l ip o g e n e s is : -  ATP c i t r a t e  ly a s e , 
m alic  enzyme (Vernon and W alker, 1968). ATP c i t r a t e  ly a se , i s  p re s e n t 
in  th e  fo e tu s ,  which must s y n th e s is e  l i p i d ,  b u t m alic  enzyme i s  n o t .  I t  
i s  p o s s ib le  t h a t  th e  NADPH re q u ire d  f o r  l i p i d  s y n th e s is  i s  p ro v id ed  
in  th e  fo e tu s  by g lu co se  6 -phosphate  dehydrogenase and 6-phospho- 
g lu co n ate  dehydrogenase, b o th  of which a re  h ig h e r  in  th e  f o e t a l  th a n  
th e  a d u l t  l i v e r  (Vernon and W alker, 1968) .  These two enzymes,and 
p y ru v a te  k in a s e ,rem ain low in  a c t i v i t y  du rin g  su ck lin g  in  resp o n se  to  
th e  h ig h  f a t  ,low carb o hydrate  d i e t .
Some enzymes show a  d i f f e r e n t  p a t te r n  of ex p re ss io n  to  th e  above 
m entioned ones, i . e .  th ey  a re  p re se n t a t  h igh  le v e l s  in  th e  fo e tu s  and 
d e c lin e  du rin g  developm ent. Hexokinase and p h o sp h ofruc tok inase  bo th  
d ec rea se  from h igh  f o e t a l  l e v e l s  w ith  in c re a s in g  m a tu rity  r e f l e c t in g  
a  d ecrease  in  a n ae ro b ic  g ly c o ly s is  d u rin g  m a tu ra tio n  (Burch e t  a l., 1963)* 
The a c t i v i t y  of thym idine k in a se  i s  about 12 tim es h ig h e r in  th e  
f o e t a l  l i v e r  th an  a d u l t  l i v e r  and i t s  le v e l  d rops r a p id ly  around th e  
tim e o f b i r t h  (H e rz fe ld  e t  aL , 1976) and t h i s  presum ably r e f l e c t s  th e  
r a p id  DNA s y n th e s is  re q u ire d  by th e  growing r a t  l i v e r .
. 1 .4 .3 *  In f lu e n c e  o f Hormones on D evelopm ental Enzyme Changes
The enzymic resp o n se  o f th e  l i v e r  to  changes in  d ie t  d u rin g  
developm ent i s  m ediated , in  p a r t ,  by hormones. L a te  f o e ta l  changes 
such a s  th e  in c re a s e  in  NADP dehydrogenase a c t i v i t y  and g lucose  6 - 
phosphatase  a c t i v i t y  around th e  18th day of g e s ta t io n  a re  a s s o c ia te d  
w ith  th e  fu n c tio n in g  o f th e  th y ro id  g lan d , which commences j u s t  b e fo re  
t h i s  tim e . The in je c t io n  of th y ro x in e  enhances th e  p re n a ta l  ex p re ss io n  
of th e se  enzymes (G reengard, 1969) .  Hypoglycaemia a t  b i r t h  cau ses  an 
in c re a s e d  s e c re t io n  o f g lucagon, which s t im u la te s  th e  n eo n a ta l c lu s t e r  
enzymes -  s e r in e  d eh y d ra ta se , ty ro s in e  a m in o tra n s fe ra se  and g lu co se  6 - 
ph o sp h atase . A d ren a lin e  a ls o  s t im u la te s  ty ro s in e  a m in o tra n s fe ra se  and 
g lucose  6 -phosphatase  (G reengard, 19&9)•
A fte r  abou t th e  12th  p o s tn a ta l  day th e re  i s  an in c re a se d  g lu co ­
c o r t ic o id  and th y ro x in e  s e c re t io n  which i s  a s s o c ia te d  w ith  th e  appearance 
o f some l a t e  su ck lin g  enzymes. O rn ith in e  a m in o tra n sfe rase  i s  s t im u la te d  
by h y d ro co rtiso n e  a lo n e , g lu co k in ase  i s  s tim u la te d  by h y d ro co rtiso n e  
in  co n ju n c tio n  w ith  g lu co se , and try p to p h an  oxygenase by h y d ro c o rtiso n e  
and try p to p h an  a d m in is tra t io n  (G reengard, 1971). Thyroxine s t im u la te s  
th e  m alic  enzyme a c t i v i t y  (Murphy and W alker, 1974). Enzymes may be 
in h ib i te d  from  ap p ea rin g  by th e  p re v e n tio n  of hormone s e c re t io n  
(G reengard, 1971) o r t h e i r  p reco c io u s  appearance may be e l i c i t e d  by 
hormone in je c t io n  (G reengard, 1971; H erz fe ld  and G reengard, 197l)« The 
p a t te r n  of change o f enzymes d u rin g  developm ent i s  shown d iag ram m atica lly  
w ith  examples o f r e p re s e n ta t iv e  c lu s t e r  enzymes in  F ig u re  1.3*
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1.5* Mechanisms o f C arc in o g en esis
1 .5 .1 .  E a rly  T h eo rie s  on th e  G enesis of Cancer
The h is to p a th o lo g ic a l  d e s c r ip t io n  o f can cer i s  based  la r g e ly  on 
th e  degree  o f lo s s  of d i f f e r e n t i a t e d  c h a r a c te r i s t i c s  and t h i s  le d  th e  
e a r ly  t h e o r i s t s  to  propose t h a t  th e  mechanisms of c a rc in o g e n e s is  
in v o lv ed  some reap p earan ce  o f a  d e d i f f e r e n t ia te d  o r embryonic ty p e  of 
c e l l .  L o b ste in  in  1829 ( c i t e d  by R ath er, 1978) was th e  f i r s t  to  draw 
th e  analogy  between th e  g e n e s is  of tum ours and em bryolog ical developm ent. 
The id e a  th a t  d u rin g  embryonic developm ent more c e l l s  a re  produced th a n  
a re  n ecessa ry  and t h a t  th e se  c e l l s  rem ain in  th e  a d u l t  in  t h e i r  embryonic 
form capable  o f r a p id  p r o l i f e r a t i o n  and developm ent in to  tum ours was 
pu t fo rw ard  60 y e a rs  l a t e r  (Conheim, 1889). A s im ila r  h y p o th es is  t h a t  
tum ours a ro se  from  v ag ran t stem c e l l s  was a ls o  proposed  (Beard* 1902).
The su g g es tio n  t h a t  m alignant b eh av iou r induced  by chem ical c a rc in o ­
g e n e s is  was analogous to  th e  in d u c tio n  o f d iv is io n  in  eggs by p a rth e n o -  
g en ic  chem icals was made by B e r r i l  (19^3)•
A lte rn a t iv e ly ,  th e  p re sen ce  of aneup lo idy  in  tum ours le d  B overi 
(1929) to  p o s tu la te  t h a t  tum ours a ro se  a s  a  r e s u l t  o f chromosomal 
im balance caused  by m u ltip o la r , e s p e c ia l ly  t r i p o l a r ,  m ito se s . Such 
a  som atic  m u ta tio n  th e o ry  of can ce r i s  very  a t t r a c t i v e  a s  i t  e x p la in s  
th e  h e r i t a b le  change in  c e l l  l in e a g e  in  n e o p la s ia . However, a  s ta b le  
h e r i ta b le  change in  c e l l  l in e a g e  i s  no t only  a  c h a r a c t e r i s t i c  o f 
m u ta tio n  b u t a ls o  a  c h a r a c t e r i s t i c  o f normal d i f f e r e n t i a t i o n  and 
developm ent, so th e  d eb a te  a s  to  w hether can cer i s  a  r e s u l t  o f m u ta tio n a l 
o r  e p ig e n e tic  mechanisms, analogous to  normal developm ent co n tin u e s  to  
t h i s  day. Both th e o r ie s  have accum ulated much c irc u m s ta n tia l  ev idence 
in  t h e i r  fav o u r b u t n e i th e r  have been proven .
1 .5 .2 .  Evidence in  Favour o f th e  Somatic M utation  Theory o f C ancer 
a-) . K aryo typ ic  A bno rm alitie s
Many tum ours a re  c h a ra c te r is e d  by k a ry o ty p ic  a b n o rm a lit ie s , 
however, th e se  changes a re  n o t uniform  from  tumour to  tum our, m oreover,
some tum ours have no d e te c ta b le  a b n o rm a litie s  in  th e  g e n e tic  m a te r ia l 
and many h e te ro p lo id  c e l l  p o p u la tio n s  a re  not m alignan t (R o lle r , 19& 0. 
T h ere fo re  i t  seems th a t  k a ry o ty p ic  a b n o rm a litie s  a re  more l i k e ly  to  
r e s u l t  from , r a th e r  th a n  cause can cer. N ev erth e le ss  many tumours do 
seem to  s t a b i l i z e  a t  a  h y p o te tra p lo id  chromosome number (Wolman and 
H orland, 1975).
There i s  an a s s o c ia t io n  of chromosomal o r g e n e tic  d is o rd e rs  
w ith  some human c an c e rs . In d iv id u a ls  w ith  Down’s syndrome and K le in f e l te r s  
syndrome have an in c re a se d  s u s c e p t ib i l i t y  to  leukaemia, and ch ro n ic  
myelogenous leukaem ia i s  a s s o c ia te d  w ith  th e  P h ila d e lp h ia  chromosome.
Some M endelian c o n d itio n s  such a s  F a n c o n ia n d  Bloomfe syndrome, s which 
a re  autosom al r e c e s s iv e  t r a i t s  w ith  in c re a se d  r a t e s  of chromosomal 
b reakage in  v i t r o  and in  v iv o , p red isp o se  th e  in d iv id u a l  to  leukaem ia 
and can ce r. Some tum ours e x h ib i t  dominant in h e r i ta n c e  p a t te r n s  
e .g .  re tin o b la s to m a  and i n t e s t i n a l  p o ly p o s is . In d iv id u a ls  w ith  
Xeroderma pigmentosum, a  d is e a se  in  which th e re  i s  an in h e r i te d  d e fe c tiv e  
DNA r e p a i r  system , p a r t i c u l a r ly  UV-induced DNA damage, f r e q u e n tly  develop 
sk in  can ce rs  (Knudson, 1975)*
b). . I n te r a c t io n  o f C arcinogens w ith  DNA
C e r ta in  v iru s e s  cause n e o p la s t ic  tra n s fo rm a tio n , th e  oncogenic 
v i r a l  DNA i s  in c o rp o ra te d  in to  th e  h o s t genome (o r ,  in  th e  case  o f RNA
o n co v iru ses , th e  v i r a l  g e n e tic  m a te r ia l  i s  f i r s t  t r a n s c r ib e d  in to
DNA by re v e rse  t r a n s c r ip ta s e )  and c o n s t i tu te  a  s t r u c tu r a l  g e n e tic  
a l t e r a t i o n .  The v i r a l  DNA i s  n o t only  tr a n s m it te d  re g u la r ly  a t  c e l l  
d iv is io n  b u t a ls o  d i r e c t s  th e  s y n th e s is  o f a  gene p ro d u c t a s  dem onstra ted  
by th e  p resen ce  o f  v iru s  s p e c i f ic  a n tig e n s  (Wolman and B orland , 1975)- 
The oncogenic v i r u s  may a c t  by re a r ra n g in g , a c t iv a t in g  an d /o r damaging 
h o s t c e l l  genes to  cause tra n s fo rm a tio n  to  a  tumour c e l l .
Most chem ical carc in o g en s i n t e r a c t  w ith  DNA bo th  in  v i t r o  and 
in  v ivo  (M ille r  and M ille r ,  1971) and th e re  i s  a  c lo se  a s s o c ia t io n  
betw een th e  m utagenic and c a rc in o g e n ic  a c t i v i t y  o f a  wide v a r ie ty  o f 
chem icals (McCann and Ames, 197&). The r e la t io n s h ip  between som atic  
m u ta tio n  by chem icals and n e o p la s t ic  change in  v i t r o  has been 
dem onstra ted , though th e  d e te c t io n  tim e re q u ire d  f o r  tra n s fo rm a tio n
i s  lo n g e r  th a n  th e  op tim al e x p re ss io n  tim e of th e  som atic m u ta tio n s  
( B a r r e t t  and T s ’o, 1978). Both ca rc in o g en ic  chem icals and io n is in g  
r a d ia t io n  may cause s tra n d  b re a k s  in  DNA, and s i s t e r  chrom atid exchange 
(D iPaolo and C asto , 1977)* F u rth e rm o re ,DNA s tra n d  breakage, som atic 
m u ta tio n , s i s t e r  chrom atid  exchange and n e o p la s t ic  tra n s fo rm a tio n  
have been dem onstrated  in  v i t r o  by a d i r e c t  p e r tu b a tio n  of DNA w ith  
a  com bination o f 5”hrom odeoxyuridine and UV l i g h t  (B a r r e t t  e t  aL , 1978), 
though n e i th e r  tre a tm e n t a lo n e  had t h i s  e f f e c t .
c) E rroneous DNA R ep a ir ;
O ther p o s tu la te d  mechanisms depend on th e  i n f i d e l i t y  o f DNA 
r e p a i r  by an  e r ro r -p ro n e  DNA polym em se, produced e i th e r  by v i r a l  o r 
chem ical c a rc in o g e n e s is , which would th e n  in c re a s e  th e  m uta tion  frequency  
le a d in g  to  new genotypes which m ight e x h ib i t  phenotypes w ith  a  s e le c t iv e  
v a lu e  f o r  p r o l i f e r a t i o n  and u t l im a te ly  cancer (S iro v e r  and Loeb, 1977)*
I f  c a rc in o g e n e s is  i s  th o u g h t to  be a  r e s u l t  o f m uta tion  f ix e d  by 
erroneous . DNA r e p a i r  one would expect th e re  to  be a  r e la t io n s h ip  
between c e l l  r e p l i c a t io n  and tu m o rig en es is  s in ce  p r e r e p l ic a t iv e  DNA 
r e p a i r  i s  th o u g h t to  be e r r o r - f r e e  b u t p o s t r e p l i c a t iv e  r e p a i r  i s  e r r o r  
p ro n e . T h is  i s  in  f a c t  th e  ca se . D iv id ing  c e l l s  in  v i t r o  have been 
shown to  have in c re a s e d  chem ica lly -in d u ced  m u ta tion  f re q u e n c ie s  when 
compared w ith  n o n -d iv id in g  c e l l s  (Berman e t  aL , 1978).
S in g le  o r  s h o r t- te rm  a d m in is tra t io n  o f carc in o g en s t h a t  do no t 
induce  tum ours in  normal a d u l t  an im als  do g iv e  r i s e  to  tum ours under 
c o n d itio n s  o f c e l l  r e p l i c a t io n ,  such a s  in  young o r  f o e t a l  an im a ls , 
o r du rin g  re g e n e ra t iv e  h y p e rp la s ia  fo llo w in g  su rg e ry  o r to x ic  damage 
(Craddock, 197&). C arcinogens them selves a re  f r e q u e n tly  to x ic  and may 
induce re g e n e ra t iv e  h y p e rp la s ia . The p o s s i b i l i t y  t h a t  cancer i s  induced  
only  i n  th o se  c e l l s  which r e p l i c a t e  soon a f t e r  carcinogen  tre a tm e n t 
would h e lp  e x p la in  th e  f a c t  t h a t  in  l i v e r  c a rc in o g e n e s is , w hile  a l l  
o r  most l i v e r  c e l l s  a r e  p robab ly  a f f e c te d  by th e  carcinogen  on ly  a  
few g iv e  r i s e  t o  tum ours (Craddock, 1978). I f  th e  carcinogen  d im eth y l-  
n itro sam in e  i s  g iv en  to  a  r a t  s ix  hours a f t e r  p a r t i a l  hepatectom y c e l l  
d iv is io n  i s  d e lay ed , and d u rin g  t h i s  p e r io d  th e  DNA damage induced  by 
d im e th y ln itro sam in e  i s  r e p a ir e d  and th e  r e s u l t in g  tumour in c id e n ce  i s  low .
On th e  o th e r  h an d ,d im e th y ln itro sam in e  g iven  tw enty  fo u r  hours a f t e r  
p a r t i a l  hepatectom y f a i l s  to  d e lay  c e l l  d iv is io n ,a s  th e  r e p l i c a t io n  
enzymes have a lre a d y  been induced ,and  new DNA i s  sy n th e s ise d  on a 
damaged tem p la te  le a d in g  to  a  h igh  tumour in c id e n ce  (Craddock, 1978).
, d) P robab le  T a rg e t o f M u ta tio n a l Events
I f  m u ta tio n a l even t o r ev en ts  were re s p o n s ib le , a t  l e a s t  in  p a r t ,  
f o r  c a rc in o g e n e s is  i t  would be most l i k e l y  to  in v o lv e  c e l l  re g u la to ry  
fu n c tio n s  r a th e r  th a n  s p e c i f ic  d i f f e r e n t i a t e d  fu n c tio n s . S ince many 
m u ta tio n s  a re  o f th e  m issense o r  nonsense ty p e , th e  expected  r e s u l t  
would be a  lo s s  o f re g u la to ry  fu n c tio n . Such changes would be expected  
in  fu n c tio n s  c o n tr o l l in g  c e l l  d iv is io n ,  r e p a i r  o f DNA, fo rm atio n  and 
r e g u la t io n  o f c e l l  su rfa c e  components and a n tig e n s , lo s s  o f r a t e -  
l im i t in g  m etab o lic  r e g u la to r s  so a s  to  co n fe r a  s e le c t iv e  advantage to  
th e  m utated c e l l  (Wolman and H orland, 1975). Comings (1973) has 
p roposed th a t  th e re  a re  m u ltip le  s t r u c tu r a l  genes coding f o r  tra n sfo rm in g  
f a c to r s  which can r e le a s e  th e  c e l l  from  i t s  normal growth c o n s t r a in t s .  
These a re  su p p ressed  in  a d u l t  c e l l s  by d ip lo id  p a i r s  o f re g u la to ry  
genes b u t may be exp ressed  a t  c e r ta in  s ta g e s  o f th e  c e l l - c y c le  and 
d u ring  em bryogenesis. The re g u la to ry  genes may become n o n -fu n c tio n a l 
a s  a  r e s u l t  o f double m u ta tio n s  induced  by chem icals o r  r a d ia t io n  o r 
d is tu rb e d  by th e  in c o rp o ra tio n  of v i r a l  DNA. In  h e r i ta b le  tum ours only  
a  s in g le  m u ta tio n  would be re q u ire d  a s  th e  p ro p o sa l i s  t h a t  one o f 
th e  re g u la to ry  genes i s  a lre a d y  in a c t iv a te d  under such c ircu m stan ces .
1 . 5 . 5 . ’ Evidence f o r  E p ig e n e tic  .Mechanisms of C arc in o g en esis
a )  . S im ila r i ty  o f Cancer Development w ith  Normal Development and 
Ageing
D esp ite  such a  la rg e  body of ev idence in  fa v o u r of a  som atic  
m u ta tion  th e o ry  o f cancer th e re  i s  a ls o  much evidence to  oppose such a 
th e o ry  and t h i s  has been summarised by Nery (1976). The a l t e r n a t iv e  
theory , t h a t  c a rc in o g e n e s is  does no t in v o lv e  a  m u ta tion  b u t r e s u l t s  from 
a p ro c e ss  s im i la r  to  normal d i f f e r e n t i a t i o n  , i s  su pported  by much
ev id en ce . C e l lu la r  d i f f e r e n t i a t i o n ,  l i k e  n e o p la s t ic  tra n s fo rm a tio n , 
r e p re s e n ts  a  s ta b le  h e r i ta b le ' change and th e  extrem e case s  o f te rm in a l 
d i f f e r e n t i a t i o n  a re  i r r e v e r s ib l e  (B raun, 1975)* I t  has been suggested  
th a t  s i m i l a r i t i e s  e x i s t  between th e  developm ent o f cancer and th e  
p ro c e ss  of ag ein g  ( P i t o t ,  1978b)-and th a t  th e se  two phenomena may be 
r e l a t e d .
The m a jo r ity  of p ro te in s  a re  t r a n s c r ib e d  from  unique sequence DNA, 
most o f which i s  unexpressed  a t  any g iven  tim e . D if fe re n t  p a r t s  o f 
th e  genome a re  t r a n s c r ib e d  in  d i f f e r e n t  organs and a t  d i f f e r e n t  tim es 
du rin g  developm ent. The m alignan t phenotype has been proposed to  a r i s e  
from th e  co ex p ressio n  in  th e  a d u l t  c e l l  o f a  gene s e t  o r s e t s  norm ally  
ex p ressed  d u rin g  .e a r ly  developm ent (Manes, 197*0 • The d isco v e ry  th a t  
some chrom atin  p ro te in s  of tumour c e l l s  a re  f o e t a l  a n tig e n s  has le d  to  
th e  su g g es tio n  th a t  some o f th e  "sw itch es"  in v o lv ed  in  gene a c t iv a t io n  
f o r  tum our in d u c tio n  may be f o e t a l  o r  oncodevelopm ental. T h is  has 
le d  Busch (1976) to  p o s tu la te  t h a t  mRNA f o r ' t h e  p ro te in  p ro d u c ts  
in v o lv ed  in  grow th, in v a s iv e n e ss  and m e ta s ta s is  a re  produced by i n t e r ­
a c t io n  of f o e t a l  gene d e re p re s so rs  w ith  th e  genome. T h is  th e n  r e s u l t s  
in  m alignancy in  th e  a d u l t .due to  th e  absence o f th e  gene in h ib i to r s  
p re s e n t  d u rin g  embryonic developm ent.
_~b) . In d u c tio n  o f R e t r o d i f f e r e n t ia t io n  and R e d i f f e r e n t ia t io n  in  
Normal and Tumour C e lls
T hat th e  r e t r o d i f f e r e n t i a t i o n  and r e d i f f e r e n t i a t i o n  o f th e  genome 
i s  p o s s ib le  has been shown by Gurdon ( 1963)• He t r a n s p la n te d  n u c le i  
from  th e  gu t o f Xenopus ta d p o le s  in to  en u c le a ted  Xenopus eggs and found 
th a t  abou t 25% o f them developed in to  ta d p o le s . I f  DNA damage i s  
re s p o n s ib le  f o r  n e o p la s ia  one would n o t expec t th e  r e s u l t a n t  tum ours 
to  have th e  same t o t i p o t e n t i a l  n a tu re . However, s im ila r  experim en ts 
have been c a r r ie d  o u t: normal ta d p o le s  have developed from e n u c le a te d  
f ro g  ova c o n ta in in g  n u c le i  t r a n s p la n te d  from fro g  re n a l  can cer c e l l s  
(McKinnel e t  a l . , 1969) • The im p lic a tio n  o f th e s e  r e s u l t s  i s  t h a t  th e  
g e n e tic  in fo rm a tio n  in  th e  cancer c e l l  nu c leu s  was e f f e c t iv e ly  r e ­
programmed by cy top lasm ic  f a c to r s  in  th e  f ro g  egg th a t  r e g u la te  n u c le a r  
gene a c t i v i t y  d u rin g  norm al developm ent. A s im ila r  s i tu a t io n  i s
i l l u s t r a t e d  by th e  s tudy  of te ra to c a rc in o m a s , s tra n g e  tum ours most 
commonly found in  th e  gonads, composed of m u ltip le  k inds of som atic 
t i s s u e s ,  re p re s e n t in g  each of th e  th re e  germ inal la y e r s ,  which may be 
a rran g ed  in to  re c o g n isa b le  o rgans. In te rm in g led  w ith  th e se  d i f f e r e n t i a t e d  
t i s s u e s  a re  h ig h ly  m alignant embryonal carcinom a c e l l s ,  so c a l le d  
because of t h e i r  resem blance to  embryonic e p ith e liu m  (P ie rc e , 197*0*
The embryonal carcinom a c e l l s  a re  m u l t ip o te n t ia l  and w i l l  form new 
te ra to ca rc in o m a  c e l l s ,  com plete w ith  th e  v a rio u s  som atic t i s s u e s ,  
when in je c te d  in to  iso lo g o u s  h o s ts  (P ie rc e , 1967)* T eratocarcinom a 
c e l l s  can a ls o  undergo com plete d i f f e r e n t i a t i o n  to  normal a d u l t  an im als , 
which e x h ib i t  no neoplasm s, a f t e r  in je c t io n  in to  b la s to c y s ts  (Minz and 
I llm en se e , 1975)* However, an eu p lo id  te ra to ca rc in o m a  c e l l s  in je c te d  
in to  b la s to c y s ts  cause te ra to ca rc in o m a s  and o th e r  neoplasm s to  develop 
in  th e  n e o n a ta l and a d u l t  chim era ( P i to t ,  1977b). These s tu d ie s  su ggest 
t h a t  c e l l s  which ex p re ss  a  n e o p la s t ic  phenotype may p o sse ss  a  normal 
genotype and may r e v e r t  to  a  normal phenotype under a p p ro p r ia te  c o n d itio n s  
e .g .  when th e  environm ent i s  comparable to  t h a t  found in  th e  develop ing  
fo e tu s .  A l te rn a t iv e ly  th e  tumour c e l l  may undergo changes causing  an 
a l t e r e d  genotype in c a p a b le .o f  re v e rs io n  to  th e  normal s i tu a t io n .  C e r ta in  
human tum ours may undergo a re v e rs io n  to  a  normal phenotype e .g .  
neuroblastdm a c e l l s  may spon taneously  r e v e r t  to  ganglioneurom a c e l l s  
and can a ls o  be induced  to  r e v e r t  in  v i t r o  (P ie rc e  e t  a l , 1978).
c) Non-mutagenic C arcinogens
A nother arguem ent in  fav o u r of an e p ig e n e tic  approach to  th e  
p o s s ib le  mechanisms o f c a rc in o g e n e s is  i s  th e  e x is te n c e  o f non-m utagenic 
ca rc in o g en s . I t  i s  d i f f i c u l t  to  im agine how th e  im p la n ta tio n  o f 
p l a s t i c  f i lm s  in to  an im als  in d u ces  tum ours by in te r a c t io n  w ith  DNA 
(e s p e c ia l ly  when th e  ca rc in o g en ic  resp o n se  seems to  be p a r t ly  de term ined  
by th e  te x tu re  of th e  f i lm , and powdered p l a s t i c  f a i l s  to  e l i c i t  t h i s  
re sp o n se ) . R a th er th e  f i lm  may a c t  by causing  an u n re m ittin g  s tim u lu s  
f o r  grow th (K aplan, 196*0.
_d) . M o d ific a tio n  o f  Gene E x p ress io n  in  N eop lasia
Many in v e s t ig a t io n s  have re v e a le d  th a t  t r a n s c r ip t io n a l  and 
t r a n s l a t i o n a l  e v en ts  a re  m odified  in  a  wide range o f anim al and human 
neoplasm s. However, th e  in te r p r e ta t io n  o f th e se  d if f e r e n c e s  i s  impeded 
hy th e  p re se n t in ad eq u a te  knowledge of th e  r e g u la t io n  of gene ex p re ss io n  
in  normal t i s s u e s  (H arrap , 1975)* B roadly  sp eak in g >in  cancer th e  
normal gene a c t i v i t y  may be misprogrammed by d i r e c t l y  r e g u la t in g  th e  . 
gene fu n c tio n  t o  tu r n  o n ,o r  o f f ,o r  m odulate th e  sy n th e s is  of s p e c if ic  
RNA s p e c ie s ,o r  by m odifying th e  t r a n s l a t i o n  o f RNA in to  s p e c i f ic  p ro te in s ,  
o r by regulation of th e  to p o g rap h ic  d i s t r ib u t io n  o r fu n c tio n  o f p ro te in s  
(M arkert, 1968) .  The s i tu a t io n  th a t  th e  carc inogen  may in te r a c t  w ith  
a  r e p re s s o r  m o lecu le (s) in  a  Jacob and Monod-type model causing  
abnorm al gene e x p re ss io n  r e s u l t in g  u l t im a te ly  in  m alignancy has been 
env isaged  (Monod and Jaco b , 1961;P i to t  and H eid e lb erg , 19&3)* Non­
h is to n e  p ro te in s  a re  th o u g h t to  be im p o rtan t in  gene r e g u la t io n  and 
ex p re ss io n  (Busch, 1977) and d if f e r e n c e s  have been found in  th e  non­
h is to n e  p ro te in  complement o f n e o p la s t ic ,  reg en era tin g  , embryonic 
and norm al t i s s u e s  (C hiu e t  a l , 1976; R u o s la h ti e t  alL, 1977)*
Changes in  RNA sp e c ie s  have a ls o  been observed  in  tumour c e l l s  
and P i t o t  (197^0 has su g g ested  th a t  changes in  th e  h a l f - l i f e  o f mRNA 
may be re s p o n s ib le  f o r  d i f f e r e n t i a t i o n  and t h a t  n e o p la s ia  may r e s u l t  
from a l t e r e d  mRNA s t a b i l i t y .  P o s t t r a n s c r ip t io n a l  c o n tro l  by tRNA i s  
th o u g h t to  be im p o rtan t du rin g  em bryogenesis, d i f f e r e n t i a t io n ,  v iru s  
in f e c t io n  and o th e r  r e g u la to ry  a c t i v i t i e s , i n c lu d in g  th e  r a t e  of p ro te in  
s y n th e s is .  D if f e re n t  is o a c c e p tin g  tRNA sp e c ie s  a re  found in  tumour 
and embryonic t i s s u e s  from  normal a d u l t  t i s s e s ,a n d  tRNA m e th y ltra n s -  
f e r a s e  a c t i v i t y  i s  a l te r e d ,r e p r e s e n t in g  a  p a r t i a l  re e x p re s s io n  o f th e  
f o e t a l  phenotype (Yang, 1971; P i l l i n g e r  and W ilkinson, 1971; G r i f f in ,
1975; Kuchino and Borek, 1976).
1.5«fr» The Two-Stage Model of C arc inogenesis
The two th e o r ie s ,  m u ta tio n a l and e p ig e n e tic , of th e  mechanisms 
o f c a rc in o g e n e s is  may be p a r t ly  re c o n c ile d  by th e  tw o -stag e  model o f 
c a rc in o g e n e s is . In  t h i s  model a ra p id  m utagenic even t of i n i t i a t i o n
induces th e  can cer genotype which rem ains unexpressed  u n le ss  a  prom oting 
s tim u lu s  i s  a p p lie d . Prom otion i s  though t to  be v ia  e p ig e n e tic  
mechanismsand re q u ire s , p ro longed  prom oting s tim u lu s . The tw o -stag e  
c a rc in o g e n e s is  model was f i r s t  dem onstrated  in  mouse sk in  (Berenblum 
and Shubik, 19*17; 19*^9)* The p a in t in g  of mouse sk in  w ith  a  sub- 
ca rc in o g en ic  dose o f c a rc in o g e n ic  hydrocarbons, when fo llow ed  by 
re p e a te d  a p p l ic a t io n  o f c ro to n  o i l ,  a  non-carconogenic  h y p e rp la s t ic  
ag en t, r e s u l te d  in  m u ltip le  tumour fo rm atio n  even i f  th e re  was a  
c o n s id e ra b le  tim e  in te r v a l  between th e  carc inogen  and c ro to n  o i l  
a p p l ic a t io n s .  No tum ours a ro se  in  mice t r e a t e d  w ith  th e  same dose of 
carc inogen  a lo n e , c ro to n  o i l  a p p l ic a t io n  a lo n e , o r i f  th e  c ro to n  o i l  
a p p l ic a t io n  p reced ed  th e  carc in o g en . P rom oters may a c t  by t r ig g e r in g  
gene a c t iv a t io n  (B ou tw ell, 197*0 o r  by in h ib i t in g  d i f f e r e n t i a t i o n  
(Diamond e t  a l., 1978 a ) .
M ulti-stage models o f c a rc in o g e n e s is  have s in c e  been dem onstrated  
in  o th e r  t i s s u e s  b e s id e s  sk in : th y ro id  g lan d , l i v e r ,  mammary g land , 
fo restom ach , thymus, subcutaneous t i s s u e s ,  k idney , lungsr,- co lon , 
p an creas  and a ls o  c e l l s  grown in  t i s s u e  c u l tu re  (rev iew ed  by Berenblum,
1979)•
Of p a r t i c u l a r  i n t e r e s t  to  th e  p re s e n t s tudy  i s  th e  prom otion of 
h e p a tic  c a rc in o g e n e s is . • P h en o b arb ito n e , when a d m in is te red  to  ace tam ido - 
f lu o r e n e - t r e a te d  r a t s  was found to  in c re a s e  th e  in c id en ce  of h e p a tic  
tum ours (P e ra in o  e t  a l , , 1971) and th e  tre a tm e n t w ith  phenobarb itone  
cou ld  be d e lay ed  by t h i r t y  days w ithou t d e c rea s in g  i t s  enhancing e f f e c t  
(P e ra in o  e t  a l., 1973)* P henobarb itone a ls o  enhances d ie th y ln itro sa m in e -  
induced  h e p a to c a rc in o g en e s is  (W eisburger e t  aL , 1975) and azo-dye 
h e p a to c a rc in o g en e s is  (K itagaw a and Sugano, 1977)*
H ep a to ca rc in o g en es is , i n i t i a t e d  by v a r io u s  carc inogens may be 
prom oted by a g e n ts  o th e r  th a n  p h enobarb itone . D ie th y ln itro sa m in e -  
induced  h e p a tic  c a rc in o g e n e s is  has been found to  be enhanced by DDT 
(d ic h lo ro d ip h e n y ltr ic h lo ro e th a n e )  and p o ly c h lo r in a te d  b ip h en y ls  
(Nishuzum i, 1976; 1979; P e ra in o  e t  a l., 1975)* The enhancement o f ace tam id o - 
f lu o re n e -in d u c e d  c a rc in o g e n e s is  has been shown w ith  DDT, b u ty la te d  
hydroxyto luene (P e ra in o  e t  aL , 1978), p o ly c h lo r in a te d  b ip h en y ls  and 
3-(3 i5> < 31chlorophenyl)-5 ,5”d.iraethyloxazoline-2,*J'-dione ( i t o  e t  aL , 1978). 
The l a t t e r  two compounds be in g  a d m in is te red  in  c o n ju n c tio n  w ith  p a r t i a l
hepatectom y. R apid p ro d u c tio n  o f h y p e rp la s tic .n o d u le s  has been found 
w ith  a  s in g le  i . p .  in je c t io n  o f d ie th y ln itro sa m in e  fo llow ed , a f t e r  two 
weeks b a s a l  d i e t ,  by a  d i e t  c o n ta in in g  ace tam id o flu o ren e> fo r a  sh o r t 
p e rio d , du rin g  which th e  r a t s  underw ent p a r t i a l  hepatectom y (S o l t  e t  .aL, 
1977b). O ther chem icals: 3 m ethyl- 4 - ( dim ethylam ine)azobenzene, d im eth y l- 
n itro sa m in e ,. d ie th y ln itro sa m in e , D L -eth ionine and q u in o lin e  may be 
s u b s t i tu te d  f o r  ace tam id o flu o ren e  in  th e  above model w ith  s im i la r  e f f e c t  
(T atem atsu  e t  a l , 1977)* In  such a  model th e  a c c e le r a t io n  of tumour 
prom otion i s  th o u g h t to  be because h ep a to cy te s  i n i t i a t e d  by d ie th y l ­
n itro sa m in e  a re  r e s i s t a n t  to  th e  c y to to x ic i ty  of th e  second carc inogen  
and a re  th e re fo re  capab le  of p r o l i f e r a t i n g  in  response  to  p a r t i a l  
hepatectom y w hereas normal c e l l s  a re  in h ib i te d  from  d iv id in g  in  such a  
c y to to x ic  environm ent (S o l t  e t  aL , 1977^)•
1 .6 . A ction  of D ie th y ln itro sa m in e  a s  a  C arcinogen
1 .6 .1 .  M etabolism  o f D ia lk y ln itro sa m in e s
D ire c t a c t in g  carc inogens w i l l  g ive  r i s e  to  tum ours a t  th e  s i t e  
o f t h e i r  in je c t io n ;  carc in o g en s re q u ir in g  m etab o lic  a c t iv a t io n  form 
can cers  a t  d i s t a l  s i t e s .  The n itro sam in es  belong to  th e  l a t t e r  c la s s  
(D ruckrey, 1973)* The m etabolism  of carc inogens i s  p r im a r i ly  d ir e c te d  
tow ards d e a c t iv a t io n ,  most o f th e  ad m in is te red  carcinogen  i s  e v e n tu a lly  
e x c re te d  a s  n o n -ca rc in o g en ic  d e r iv a t iv e s  and u s u a lly  on ly  a sm all 
p ro p o r tio n  o f th e  m etabolism  le a d s  to  the  fo rm atio n  of proxim ate o r 
u lt im a te  carc in o g en s (M ille r  and M ille r ,  197^)• The proposed sequence 
o f ev en ts  i s  shown in  F ig u re  1 .4 . (M ille r  and M ille r ,  1976a).
F ig u re  1 .4 .
The d ia lk y ln itro sa m in e s  undergo a  s e r i e s  o f r e a c t io n s  le a d in g  to  
th e  f i n a l  r e a c t iv e  m e ta b o lite  and v a rio u s  d e a c tiv a te d  m e ta b o lite s .
D im ethy ln itrosam ine was th e  f i r s t  to  be s tu d ie d ; form aldehyde was found 
to  be form ed by l i v e r  microsomes and th e  rem ain ing  m onom ethylnitrosam ine 
ra p id ly  b reak s  down to  g iv e  diazom ethane o r carbonium io n  depending on 
th e  pH. The l a t t e r  is . th o u g h t  to  be th e  ca rc in o g e n ic  a lk y la t in g  ag en t 
(Magee and B arnes, 1967)* In  view o f th e  v e ry  s h o r t  h a l f - l i f e  of t h i s  
e le c t r o p h i le  i t  i s  p o s s ib le  t h a t  i t  i s  produced t r a n s i e n t ly  du rin g  a  
co n ce rted  r e a c t io n  among th e  s u b s t r a te ,  th e  enzyme system  and th e  t a r g e t
P recarc in o g en
In a c tiv e
m e ta b o lite s
U ltim a te  carcinogen
n u c leo p h ile s  in  c r i t i c a l  
c e l l u l a r  m acrom olecules
V
A lte re d  c r i t i c a l  m acrom olecules
y
I n i t i a t i o n  of c a rc in o g e n e s is
Q
l0
C 
— 
N=
s N
] 
di
az
om
et
ha
ne
iH
£
"0£o
S3o6
0
S3•H
fi
o3wo
-p
•H
S3
3•H
S3OtsJcti•H
1—I
i?
-P
0S
0
•rl
Xo
a
Fi
gu
re
 
1
.5
* 
A
ct
iv
at
in
g 
M
et
ab
ol
ic
 
Pa
th
w
ay
 
of 
D
im
et
hy
ln
itr
os
am
in
e 
A
cc
or
di
ng
 
to 
th
e 
a-
hy
dr
ox
yl
at
io
n 
H
yp
ot
he
si
s
m olecule (W eisburger and W illiam s, 1975)* R esearch  in  v a rio u s  
l a b o r a to r ie s  has le d  to  th e  a -h y d ro x y la tio n  h y p o th es is  being  c u r re n tly  
a ccep ted  a s  th e  mechanism of m etab o lic  a c t iv a t io n  of th e  d ia lk y ln i t r o s ­
am ines a s  i l l u s t r a t e d  in  f ig u r e  1.5* f o r  d im eth y ln itro sam in e  (L ai 
and A rcos, 1980).
The m etabolism  of n itro sa m in e s  i s  r a p id ,  e .g .  i f  50 mg d im eth y l-  
n itro sa m in e /k g  body w eight i s  in je c te d  in to  th e  r a t  only  yrfo i s  
re c o v e ra b le  a f t e r  6 hours and none a f t e r  2h h o u rs . Experim ents w ith  
hepatec tom ised  r a t s  in d ic a te  t h a t  th e  m etabolism  occurs  m ainly in  th e  
l i v e r .
The f i r s t  c r i t i c a l  r a t e  l im i t in g  s te p  i s  h y d ro x y la tio n  of th e  
a -c a rb o n , th e  p u ta t iv e  a -h y d ro x y la te d  a lk y ln itro sa m in e  i s  u n s ta b le  and 
on h y d ro ly s is  y ie ld s  th e  co rrespond ing  aldehyde and m o n o a lk y ln itro s- 
am ine. The l a t t e r  m olecule i s  h ig h ly  u n s ta b le  and undergoes spontaneous 
non-enzym atic breakdown to  th e  a lk y la t in g  in te rm e d ia te .
The enzyme system  re s p o n s ib le  f o r  th e  o .x ida tive  d em ethy la tion  of 
d im e th y ln itro sam in e , DMN-demethylase, r e q i r e s  NADPH and oxygen and can 
be in h ib i te d  by carbon monoxide and th e re fo re  ap p ears  to  be a  ty p ic a l  
cytochrome P ^ ^ -d e p e n d e n t microsomal mixed fu n c tio n  ox id ase . Microsomes 
from d im e th y ln itro sam in e  t r e a te d  r a t s  dem ethy late  d im eth y ln itro sam in e  
f a s t e r  th an  c o n tro ls  i f  h igh  s u b s tr a te  c o n c e n tra tio n s  a re  used , b u t 
slow er th an  c o n tro ls  i f  th e  c o n c e n tra tio n  of d im eth y ln itro sam in e  i s  
low. I t  seems th a t  th e re  a re  a t  l e a s t  two l i v e r  cytochrome sp e c ie s
in v o lv ed , one w ith  a  h igh  a f f i n i t y ,  o p e ra tin g  a t  low c o n c e n tra tio n s  of 
d im e th y ln itro sam in e , and th e  o th e r  w ith  a  low a f f i n i t y ,  and on ly  th e  
l a t t e r  i s  in d u c ib le  (Remmer, 1978). These two enzymes have been term ed 
DMN-demethylase I  (low  Km) and DMN-demethylase I I  (h ig h  Km). DMN- 
dem ethylase I ,  th e  enzyme reg a rd ed  to  be re s p o n s ib le  f o r  th e  m etab o lic  
a c t iv a t io n  of d im e th y ln itro sam in e  in  v iv o , has been e x te n s iv e ly  s tu d ie d  
( f o r  r e fe re n c e s  see L a i and A rcos, 1980).
D ie th y ln itro sa m in e  undergoes a  s im i la r  m etab o lic  r e a c t io n  sequence 
to  d im e th y ln itro sam in e . The f i r s t  s te p , c a ta ly s e d  by DEN-deethylase i s  
an a -o x id a tio n  y ie ld in g  ace ta ld eh y d e  and m onoethyln itrosam ine which 
b reak s  down to  g iv e  th e  r e a c t iv e  ethonium io n .
D esp ite  th e  s i m i l a r i t i e s  of m etab o lic  a c t iv a t io n  o f th e  n i t r o s ­
am ines th e re  a re  d if f e r e n c e s  in  t h e i r  b io lo g ic a l  a c t i v i t y  du rin g  ontogeny,
e .g .  d e e th y la t io n , in  c o n tra s t  to  d em ethy la tion , i s  p o s s ib le  a t  e a r ly  
s ta g e s  of p re n a ta l  developm ent and d ie th y ln itro sa m in e  i s  ca rc in o g en ic  
a s  e a r ly  as  th e  f i f t e e n t h  g e s ta t io n a l  day in  th e  r a t  (D ruckrey, 1973)*
1 .6 .2 .  E f fe c t  of In d u ce rs  and I n h ib i to r s  o f th e  Cytochrome 
Monooxygenase System on N itrosam ine M etabolism
A p o s i t iv e  c o r r e la t io n  between d e e th y la se  a c t i v i t y  and th e
r e l a t i v e  s u s c e p t ib i l i t y  to  d ie th y ln itro sa m in e  c a rc in o g e n e s is  o f v a rio u s
organs of th e  r a t  and ham ster has been dem onstrated  (Montesano and
Magee, 1971)* The in d u c tio n  of DEN-deethylase by phenobarb itone and
in h ib i t i o n  by 3“me th y lc h o la n th re n e  to g e th e r  w ith  th e  f in d in g  th a t
phenobarb itone  in c re a s e s ,  w hereas 3"me^ h y lch o lan th ren e  d ecrea se s  th e
microsome c a ta ly s e d  b in d in g  of d ie th y ln itro sa m in e  to  DNA a ls o  su g g es ts
t h a t  d e e th y la tin g  a c t i v i t y  i s  r e le v a n t  to  c a rc in o g e n e s is  (Arcos e t  aL,
1976). In  c o n tra s t  to  t h i s  su g g es tio n  howeyer, i s  th e  f in d in g  th a t
in d u c e rs  of th e  cytochrome Pj^ q monooxygenase system  e .g  p h enobarb itone ,
3 -m e th y lch o lan th ren e , a -hexach lo rocyclohexane  o r p o ly c h lo r in a te d
b ip h en y ls  cause a  re d u c tio n  in  th e  number, and delayed  tim e o f o n se t,
o f d ie th y ln itro sa m in e -in d u c e d  tum ours, and in h ib i to r s  o f th e  microsomal
monooxygenase system , h a lo th an e  and SKF 525A enhanced th e  developm ent
o f hepatom as. P henobarb itone and 3_I& ethylcholanthrene cause an  in c re a se
■j*
in  form aldehyde fo rm atio n  from  d im eth y ln itro sam in e  and d ecreased  GH  ^
bound to  microsomal p ro te in s ,  w h ils t  h a lo th an e  and SKF 525A produce th e  
o p p o s ite  e f f e c t .  Such an in v e rse  r e la t io n s h ip  o f form aldehyde 
fo rm atio n  w ith  carbonium io n  fo rm atio n  and tumour in d u c tio n  m ight 
su g g es t t h a t  th e re  i s  a  cytochrome P450 -dependant r e a c t io n  c a ta ly s in g  
th e  o x id a tiv e  dem eth y la tio n  to  form form aldehde and a  P^50 -independen t 
s tag e  le a d in g  to  th e  fo rm atio n  o f a lk y la t in g  m e ta b o lite s . However, 
experim ents w ith  p^50 in h ib i to r s  in  v i t r o  show an in h ib i t io n  of form aldehyde 
fo rm a tio n  and a lk y la t io n  to  th e  same e x te n t su g g es tin g  th a t  cytochrome 
P ^ q i s  n ecessa ry  b o th  f o r  a c t iv a t io n  and d e a c tiv a t io n  ( f o r  re fe re n c e s  
see Kunz e t  a l., 1978). Furtherm ore phenobarb itone  o r 20-m e th y lch o lan th ren e , 
d e s p ite  s t im u la tin g  DMN-demethylase do no t s t im u la te  th e  fo rm a tio n  of 
from d im eth y ln itro sam in e  ( P h i l l i p s  e t  aL, 1975) •
1.6 .3«  A lk y la tio n  of C e l lu la r  M acromolecules
The grow th of tum ours in  a  c lo n a l fa sh io n  seems to  re q u ire  a t  
l e a s t  a  quasi-perm anen t a l t e r a t i o n  in  th e  phenotype of th e  c e l l s .  I t  
i s  l i k e ly  th e re fo re  t h a t  th e  u l t im a te  ca rc in o g en ic  d e r iv a t iv e s  must 
i n t e r a c t  w ith  one o r more of th e  in fo rm a tio n a l m acrom olecules of th e  
c e l ls  DNA, RNA o r p ro te in .  The e le c t r o p h i l i c  d e r iv a t iv e s  of th e  
n itro sa m in e s  a re  capab le  o f r e a c t in g  w ith  n u c le o p h ilic  c e n tre s  in  bo th  
n u c le ic  a c id s  and p r o te in s ,  n o t a l l  o f which a re  c r i t i c a l .  The p o te n t ia l  
s i t e s  o f e le c t r o p h i l i c  a t ta c k  a re  shown in  ta b le  1 .2 . (Magee e t  aL, 1976; 
S in g e r, 1977)-
Table 1 .2 . S i t e s  o f A lk y la tio n  in  In fo rm a tio n a l M acromolecules
N ucle ic  A cids S i te  .
Adenine N -l, N-3,- N-6, N-7
C ytosine N-3, N-4, 0 -2
Guanine N -l, N-2,N -3, N-7, 0-6
Thymidine N-3, 0 -2 , 0-4
P ro te in s
C y ste in e  S
H is t id in e  N -l, N-3
M ethionine S
T y ro sin e  C-3
E xperim en ta l d a ta  on v a rio u s  carc in o g en s and th e  degree o f 
in te r a c t io n  w ith  th e s e  m acrom olecules in  t a r g e t  t i s s u e s  has n o t proved 
d e f in i t iv e ,  and i t  i s  no t p o s s ib le  to  conclude from  any of th e se  
c o r r e la t io n s  t h a t  a  r e a c t io n  w ith  a  s p e c i f ic  macromolecule i s  of key 
im portance (M ille r  and M il le r ,  197*0 • However, in  view of th e  f a c t  
t h a t  many p r o te in s  e x i s t  a s  m u ltip le  co p ies  and th e re  i s  a  low degree 
of a lk y la t io n  o f p ro te in s  by n itro sa m in e s , which i s  a p p a re n tly  random
and th e  same arguem ents ap p ly in g  to  RNA, most emphasis has been p laced  
on th e  a lk y la t io n  o f DNA (Pegg, 1977)* A lk y la ted  n u c le ic  a c id s  do 
occur n a tu r a l ly  and some o f th e  a lk y la te d  b ases  produced by carc in o g en s 
do have n a tu ra l  c o u n te rp a r ts :  7 -m eth y lg u an in e , 1-m ethyladenine and 
3 -m e th y lc y to s in e . However, carc inogens may a lk y la te  a  p o r tio n  of DNA 
th a t  would n o t norm ally  co n ta in  a  m ethy la ted  base (Pegg, 1977)*
1 .6 .4 .  The P o s tu la te d  Prom utagenic L esion
Experim ents w ith  ca rc in o g e n ic  a lk y la t in g  a g e n ts , no t n e c e s s a r i ly
n itro sa m in e s , have s tro n g ly  su g g ested  th a t  th e  0^ p o s i t io n  o f guanine
i s  one c r i t i c a l  t a r g e t .  A lthough 7-a .lky lguan ine i s  th e  m ajor DNA
pro d u c t (Magee and F a rb e r , 1962), i t  i s  a ls o  produced by n o n -ca rc in o g en ic
a lk y la t in g  a g en ts  (A bbott and S a f f h i l ,  1977)* 0 ^ -a lk y la t io n  o f d e -
oxyguanine was f i r s t  su g g ested  to  be im p o rtan t in  m utagenesis by L o v e less  
6( l 969)» 0 -m ethylguanine has su b seq u en tly  been found to  be m is tra n sc r ib e d
in  v i t r o  b o th  by RNA polym erase (Gerchman and Ludlum, 1973) a-n(3- DNA' 
polym erase (A b b o ttt and S a f f h i l ,  1977)* 0^-m ethylguanine i s  s ta b le  a t
n e u tr a l  pH and i s  e n zy m a tica lly  ex c ised  (N ic o ll  e t  aL , 1975) and i t s  
p e r s is te n c e  in  t a r g e t  o rgans, because o f slow er r a t e s  of e x c is io n , has 
been shown to  c o r r e la te  w e ll w ith  th e  o rganotrophy o f th e  carc inogen  
(Goth and Rajewsky, 197*b N ic o ll  e t  a l ., 1975; M argison e t  aL , 1976b;
K le ihues and M argison, 1976; K le ih u es  e t  a l . , 1978). However, 0 ^ - 
m ethylguanine has been shown to  accum ulate in  n o n - ta rg e t t i s s u e s  in  
r a t s  t r e a t e d  w ith d im e th y ln itro sam in e  (M argison e t  aL , 1977)•
S ince r e p a i r  of n o n - r e p l ic a t in g  DNA i s  u s u a lly  f a i t h f u l  and p o s t£
r e p l i c a t iv e  r e p a i r  e r ro r -p ro n e , th e  p e r s is te n c e  of 0 -a lk y lg u an in e  in  
t a r g e t  t i s s u e s  cou ld  e x p la in  th e  o rganotrophy of c e r ta in  carc in o g en s 
(M ille r  and M il le r ,  1976b). I t  seems l i k e l y  t h a t  cancer i s  i n i t i a t e d  
d u rin g  S phase of th e  c e l l - c y c le .  There i s  no d if fe re n c e  in  th e  m e th y la tio n  
o f DNA by d im e th y ln itro sam in e  betw een normal and re g e n e ra tin g  l i v e r  e i t h e r  
in  term s o f th e  e x te n t o r  p e r s is te n c e  o f m e th y la tio n , th e re fo re  i t  i s  
p robab le  t h a t  p o s t - r e p l ic a t iv e  r e p a i r  i s  im p o rtan t (Craddock, 1978).
C hronic fe e d in g  s tu d ie s  w ith  d ie th y ln itro sa m in e  showed th a t  th e  d u ra tio n  
o f dosing  n e ce ssa ry  to  cause a  maximum in c re a s e  in  DNA r e p l i c a t io n  
c o r r e la te d  w ith  th e  c r i t i c a l  minimum fe e d in g  tim e f o r  th e  in d u c tio n  of
cancer (Craddock, 1978). D im ethy ln itrosam ine has a ls o  been shown to  
a c c e le r a te  c e l l  p r o l i f e r a t i o n  in  v i t r o  (Takayama and In u i ,  1968) .
1 .6 .5 .  The Acute T o x ic ity  of D ie th y ln itro sam in e
The a c u te  t o x i c i t y  o f d ie th y ln itro sa m in e  i s  c h a ra c te r is e d  
h i s to lo g ic a l ly  w ith in  tw en tyk fou r to  seventy-tw o hours by an in c re a se  
in  th e  number o f a c id o p h i l ic  c e l l s  and a lo s s  of g lycogen, p a r t i c u l a r ly  
c e n t r i lo b u la r ly .  T h is  i s  fo llo w ed  by c e n t r i lo b u la r  n e c ro s is , u s u a lly  
haem orrhagic w ith  macrophage and n e u tro p h il  i n f i l t r a t i o n .  Whereas 
d im eth y ln itro sam in e  causes n u c le a r  enlargem ent d ie th y ln itro sa m in e  does 
n o t e l i c i t  t h i s  re sp o n se . In  ch ro n ic  ex p erim en ts,how ever,the  c e l l s  
may become changed in  s iz e  le a d in g  to  nodule fo rm a tio n . U l t r a -  
s t r u c tu r a l l y  th e r e  i s  a  marked in c re a se  in  smooth endoplasm ic re tic u lu m  
(SER), ribosom al detachm ent from  th e  rough endoplasm ic re tic u lu m  
(RER) w ith  conspicuous polysom es and f r e e  ribosom es, a l l  presum ably 
r e l a t e d  to  d e g ra n u la tio n  of th e  RER. The G olg i a p p a ra tu s  i s  u s u a lly  
d i la te d ,  composed of a p p a re n tly  empty v e s ic le s .  M itochondria  may be 
d ecreased  w ith  a  lo s s  o f m a trix  g ra n u le s  and th e re  may be some sw e llin g . 
There i s  an in c re a se d  f a t  c o n te n t. "Coated v e s ic le s "  ap p earin g  to  
o r ig in a te  from  th e  plasm a membrane, b u t o c c a s io n a lly  lo c a te d  deep in  
th e  cytoplasm  may be seen  (Svoboda and Reddy, 1975)* The to x ic  e f f e c t s  
o f d ie th y ln itro sa m in e  a re  s im i la r  in  many r e s p e c ts  to  th o se  caused  by 
d im eth y ln itro sam in e  and a re  b e lie v e d  to  be r e l a t e d  to  t h e i r  m e ta b o li te s , 
s in ce  th e  t o x i c i t y  i s  m an ife s t no t a t  th e  s i t e  of a d m in is tra tio n  bu t 
a t  th e  s i t e  o f t h e i r  m etabolism , th e  l i v e r .  I t  i s  though t t h a t  n e i th e r  
th e  p a re n t compound no r p ro d u c ts  of s id e  r e a c t io n s  a re  to x ic ,  b u t 
t h a t  th e  to x ic  compound a r i s e s  from  th e  d i r e c t  o x id a tiv e  d em ethy la tion  
pathway (H eath , 1962) .  P robab ly  c e l l  d ea th  r e s u l t s  from a v a ry in g  
degree of a lk y la t io n  o f c e l l u l a r  components (Magee and Lee, 1964).
There i s  c o r r e la t io n  o f DMN-demthylase a c t i v i t y ,  cy top lasm ic b a s o p h il ic  
g ra n u la t io n  and degree o f c e l l  n e c ro s is  in  v a r io u s  a re a s  of th e  l i v e r  
i . e .  th e y  a re  more pronounced c e n t r i lo b u la r ly  and in  th e  l e f t  lo b es  
o f th e  l i v e r  (Lawson and Pound, 197*0 • Reducing th e  microsomal hydrox- 
y la t in g  a c t i v i t y  by fe e d in g  a  p r o te in - f r e e  d ie t  p r o te c ts  th e  r a t  from 
th e  h e p a to to x ic  e f f e c t s  of d im eth y ln itro sam in e  b u t th e  e f f e c t s  cannot
be r e s to r e d  by th e  a d m in is tra t io n  of in d u cers  such a s  phenobarbitone 
o r DDT (McLean and V erschuuren, 1969) . I n  c o n tra s t  t o  CCl^ (a n o th e r  
h e p a to to x in , r e q u ir in g  m etabolism  by th e  mixed fu n c tio n  oxidase  
system  and which produces c e n t r i lo b u la r  damage) th e  t o x ic i ty  o f 
d im e th y ln itro sam in e  i s  enhanced by p a r t i a l  hepatectom y, i s  in h ib i te d  
by phenobarb itone  and i s  to x ic  to  th e  same e x te n t in  f o e ta l ,  newborn 
and a d u l t  r a t s .  CCl^ t o x i c i t y  i s  reduced  by p a r t i a l  hepatectom y, 
enhanced by phenobarb itone  and i s  only e f f e c t iv e  in  mature r a t s  (Nayak 
e t  aL , 1975)• These w orkers su g g ested  th a t  phenobarb itone  d id  no t 
induce DMN-demethylase and t h a t  a c u te  to x i c i t y  was due to  a  re d u c tio n  
in  d em eth y la tio n . O ther s tu d ie s  have shown th a t  phenobarb itone  does 
enhance DMN-demethylase a lth o u g h  i t  does no t in c re a s e  th e  p ro d u c tio n  
of COg from d im e th y ln itro sam in e  su g g es tin g  th a t  th e  m etabolism  of 
d im e th y ln itro sam in e , and presum ably o th e r  d ia lk y ln itro sa m in e s , i s  no t 
a s c r ib a b le  s o le ly  to  th e  a c t io n  of microsomal dem ethylase a s s o c ia te d  
w ith  th e  mixed fu n c tio n  ox idase  system  ( P h i l l ip s  e t  aL , 1975)• F u r th e r  
work on in h ib i to r s  of DMN-demethylase su g g es tin g  th a t  DMN-demethylase 
may n o t be in v o lv ed  in  th e  a c u te  to x i c i t y  of d im eth y ln itro sam in e  has 
been re p o r te d  (Friedm an and Sanders, 1976). O thers (Abanobi e t  a l , 1977) 
have shown th a t  an in h ib i to r  of d im eth y ln itro sam in e -in d u ced  s tr a n d  
b reak s  in  l i v e r  DNA also , i n h i b i t s  l i v e r  c e l l  n e c ro s is ,  and t h a t  t h i s  
in h ib i to r  a ls o  su p re sse s  in  v i t r o  th e  m icrosom al-m ediated  o x id a tiv e  
d em ethy la tion  o f d im e th y ln itro sam in e .
1.7■ R esearch  P ro p o sa ls
1.7*1* The E xperim en ta l Approach
The work d e sc r ib e d  in  t h i s  th e s i s  was concerned w ith  th e  s tu d y  
o f th e  developm ent o f l i v e r  cancer in  r e l a t i o n  to  normal h e p a tic  
d i f f e r e n ,t i a t i o n .  In  o rd e r  t h a t  d e d i f f e r e n t ia t io n  p a t te rn s  of gene 
e x p re ss io n  du rin g  c a rc in o g e n e s is  cou ld  be s tu d ie d  and, a d d i t io n a l ly ,  
t h a t  some in s ig h t  in to  th e  b iochem ical n a tu re  o f th e  developing  tum ours 
could  be o b ta in e d , enzymes were in v e s t ig a te d  th a t  e x h ib it  b o th  develop­
m ental p h a s e -s p e c if ic  p a t te r n s  of a c t i v i t y  and a ls o  a re  im p o rtan t in  
in te rm e d ia ry  m etabolism  (T able 1 .3)*  To t h i s  end th e  enzymes were 
assay ed  d u rin g  normal h e p a tic  developm ent, a t  in te r v a l s  du rin g  h ep a to - 
c a rc in o g e n e s is , i n  t r a n s p la n ta b le  hepatomas and in  th e  h o s t l i v e r s  of 
tum our-bearing  r a t s .  The enzymes were a ls o  a ssay ed  a t  v a r io u s  tim es  
a f t e r  p a r t i a l  hepatectom y to  a s c e r ta in  what - changes c h a ra c te r is e d  
h y p e rp la s ia  and to  what e x te n t t i s s u e  re g e n e ra tio n  was accompanied by 
d e d i f f e r e n t ia t io n .
1 .7*2 . The Aims o f th e  Study
The aim o f th e se  s tu d ie s  was to  determ ine i f  th e  p ro g re s s io n  to  
m alignancy i s  accom panied by a  s tep -w ise  r e g re s s io n  to  a  f o e t a l - l i k e  
s t a t e ,  p a ss in g  th ro u g h  p ro g re s s iv e ly  more immature s t a t e s .
H ith e r to  most s tu d ie s  concern ing  th e  b io ch em istry  a n d /o r  th e  
f o e t a l  n a tu re  o f tum ours have been c a r r ie d  ou t on t r a n s p la n ta b le  
tumours o r  o c c a s io n a lly  p rim ary  tum ours. Both th e se  s i tu a t io n s  
re p re s e n t  e n d -p o in ts  of th e  ca rc in o g e n ic  p ro c e ss  and th e re fo re  hypo theses 
a s  to  th e  n a tu re  of th e  g e n e s is  o f th e  tum ours must be s p e c u la t iv e . 
F urtherm ore , w hereas t r a n s p la n ta b le  hepatomas a re  undoubtedly  a  u s e fu l  
to o l  f o r  th e  s tu d y  of neoplasm s, th e y  do n o t e x a c tly  resem ble th e  normal 
h e p a tic  s i t u a t io n .  The l i v e r  re c e iv e s  70% o f i t s  b lood v ia  th e  h e p a tic  
p o r ta l  v e in  which d ra in s  th e  sp lan ch n ic  v i s c e r a l  t i s s u e s .  Experim ents 
w ith  dogs show th a t  th e  p a n c re a t ic  hormones, la r g e ly  in s u l in  and g lucagon , 
e x e r t "h ep a to tro p h ic "  e f f e c t s .  These e f f e c t s  in c lu d e  m aintenance of 
c e l l  s iz e  and l i v e r  glycogen and re g u la t io n  o f c y c lic  AMP c o n c e n tra tio n
and enzyme l e v e l s .  T ra n sp la n ta b le  hepatom as, on th e  o th e r  hand, a re  
no t s u b je c t to  th e se  c o n d itio n s  in  t h a t  th ey  a re  s i tu a te d  subcu taneously , 
u s u a lly  on th e  f la n k  o r  back of th e  h o s t an im al, and th ey  re c e iv e  an 
a r t e r i a l  b lood  supply  which i s  th ough t to  p e rfu se  a t  only 5% of th e  
r a t e  o f th e  norm al l i v e r  b lood  supply  (G o ld farb  and P i t o t ,  1976).
Some of th e  changes observed  may th e re fo re  r e s u l t  from a d a p ta tio n  to  
an abnormal environm ent and t r a n s p la n ta t io n .
1 .7 »3» D iagnosis  o f P re -can ce ro u s  L esions
The s tu d ie s  t h a t  have been made concern ing  th e  sequence o f ev en ts  
le a d in g  to  tum our fo rm atio n  have been m ostly  h i s to lo g ic a l  o r h i s to -  
chem ical, th e  aim being  to  determ ine th e  e a r l i e s t  changes o c cu rrin g  
d u rin g  c a rc in o g e n e s is , presum ably w ith  a  view to  e x p lo i ta t io n  f o r  
d ia g n o s t ic  p u rp o se s . I n  th e s e  s tu d ie s  l i t t l e  o r no a ttem p t has been 
made to  in v e s t ig a te  th e  mechanisms of c a rc in o g e n e s is , w hether th e re  
i s  an o v e rr id in g  f o e t a l  theme to  th e  changes o r  w hether th e  changes 
m erely r e f l e c t  a  n o n -s p e c if ic  re sp o n se .
Because o f th e se  a m b ig u itie s  th e  work re p o r te d  h ere  has been 
m ostly  concerned w ith  th e  developm ent o f p rim ary  l i v e r  tum ours induced  
ch em ica lly . The carc in o g en  used  has been d ie th y ln itro sa m in e  and t h i s  
was chosen because i t  g iv e s  r i s e  s p e c i f ic a l ly  to  h e p a to c e l lu la r  carcinom as 
(D ruckrey, 1967), a s  w e ll a s  be ing  a  very  p o te n t carc inogen  w ith, low 
t o x i c i t y  when compared w ith  many o th e r  carc in o g en s (Magee and B arnes,
1967; S ch e re r e.t aL , 1972; W eisburger and W illiam s, 1975)*
Moreover, by s tu d y in g  s e v e ra l  enzymes, s im u ltan eo u sly , t h a t  have 
c h a r a c t e r i s t i c  a c t i v i t i e s  a t  d i f f e r e n t  tim es d u rin g  developm ent, a  more 
com prehensive p ic tu r e  of th e  s t a t e  o f b iochem ica l d i f f e r e n t i a t i o n  o f 
th e  n e o p la s t ic  o r p re n e o p la s t ic  le s io n s  can be c o n s tru c te d . In  c o n t r a s t ,  
i f  only  one o r two p a ram ete rs  were s tu d ie d  ( e .g .  th e  com parison o f th e  
isozym es o f a  p a r t i c u l a r  enzyme in  normal a d u l t ,  f o e t a l  o r tum our 
t i s s u e s ) ,  th e  changes observed  might be phenomenal and no t n e c e s s a r i ly  
c h a r a c t e r i s t i c  of an o v e ra l l  re c o n s tru c t io n  of g e n e tic  ex p re ss io n  
tow ards a  f o e t a l  p a t te r n .
By s tu d y in g  a spectrum  of enzymes du rin g  th e  course  o f tum our 
fo rm a tio n , changes o ccu rrin g  e a r ly  on in  th e  p ro c e ss  might be i d e n t i f i e d
and cou ld  be u t i l i z e d  in  th e  sea rch  f o r  e a r ly  d ia g n o s tic  m arkers. .The 
pheno typ ic  d iv e r s i ty  o f tum ours and p re n e o p la s tic  le s io n s  makes i t  
more l i k e ly  t h a t  a  b a t te r y  o f m arkers, r a th e r  th an  any s in g le  one, a re  
needed to  p o s i t iv e ly  id e n t i f y  p recancerous c o n d itio n s .
1 .7 .4 .  S h o rt-te rm  C a rc in o g e n ic ity  T e s tin g
I f  th e  b io chem ica l changes which c h a r a c te r is e  th e  e a r ly  s ta g e s  
of th e  developm ent of can ce r can be id e n t i f i e d  i t  may be p o s s ib le  to  
develop s h o r t- te rm  in  v ivo  t e s t s  f o r  ca rc in o g en s . P rov id ing  s u f f i c i e n t ly  
d i f f e r e n t i a t e d  c e l l - c u l tu r e s  cou ld  be e s ta b lis h e d , i t  may even be 
p o s s ib le  to  develop  a  s im i la r  sh o r t- te rm  t e s t  in  v i t r o .
I n  t h i s  in v e s t ig a t io n  a  study  has a ls o  been made of c a rc in o g e n e s is  
i n i t i a t e d  by a  sh o r t- te rm  exposure to  d ie th y ln itro sa m in e , fo llo w ed  by 
a  p ro longed  prom otion phase u s in g  ph en o b arb ito n e . The aim was to  t r y  
and d e te c t  and s e p a ra te  th e  b iochem ical changes th a t  occur a s  a  r e s u l t  
of i n i t i a t i o n  and th o se  which a re  b rough t about du rin g  th e  prom otion 
phase . I f  such enzym atic changes cou ld  be id e n t i f i e d ,  th en  i t  may be 
p o s s ib le  to  d e v ise  s h o r t- te rm  sc reen in g  t e s t s  . in  v ivo  f o r  i n i t i a t o r s  
and prom otors a long  th e  l i n e s  a lre a d y  proposed f o r  com plete carc in o g en s 
(T atem atsu  e t  aL , 1977)«-
T able 1 .3 » Enzymes In v e s t ig a te d :  T h e ir  E xpression  and F unction
ENZYME
Thymidine
k in ase
Hexokinase
Glucose 6 -
phosphate
dehydrogenase
G lutam ate
dehydrogenase
A sp a rta te  
am in o tran sf er.- 
ase
PATTERN OF EXPRESSION ASSOCIATED FUNCTION
Very h ig h  in  th e  fo e tu s , 
d e c l in e s  a f t e r  b i r t h  
(Machovich and G reen- 
g a rd , 1972)
DNA sy n th e s is
High in  th e  f o e tu s ,  
d e c l in e s  a f t e r  b i r t h  
(Burch e t  aL , 19^3)
P re se n t in  f o e tu s ,  
d e c lin e s  d u ring  
su c k lin g , r i s e s  
ag a in  a f t e r  weaning 
( Vernon and W alker, 
1967) •
G ly c o ly s is  (low Km isozyme 
of g lu co k in ase )
P en tose  phosphate shunt 
( l ip o g e n s is  and n u c le ic  a c id  
sy n th e s is )
l a t e  f o e t a l  r i s e ,  
co n tin u es  a f t e r  
b i r t h  (H e rz fe ld  
e t  al., 1976)
amino a c id  metabolism-
Appears l a t e  
f o e t a l l y ,  r i s e s  
to  approx . a d u l t  
v a lu e s  soon a f t e r  
b i r t h  (H e rz fe ld  & 
G reengard , 1971)
amino a c id  m etabolism  and 
g luconeogenesis
Table 1.3* C ontinued
ENZYME
G lucose 6 - 
phosphatase
Phosphoenol- 
p y ru v a te  
carboxykina s e
G lucokinase
M alic enzyme
PATTERN OF EXPRESSION ASSOCIATED FUNCTION
Appears l a t e  f o e t a l l y .  
Reaches a  maximum neo- 
n a ta l ly  th e n  d e c lin e s  to  
a d u l t  le v e l s  (Vernon & 
W alker, 1967)
G luconeogenesis
Sudden in c re a s e  to  
maximum p o s tn a ta l ly  
th e n  d e c lin e s  to  a d u l t  
l e v e l s  (Vernon & W alker,
1967)
G luconeogenesis
A ppears in  l a t e  • 
su ck lin g  p e r io d  
(G reengard, 1971)
G ly c o ly s is  (h ig h  Km isozyme 
of hexokinase)
A ppears in  l a t e  
su ck lin g  p e rio d  
(Vernon & W alker,
1967)
L ip o g en esis
CHAPTER 2
M A T E R I A L S  A N D  M E T H O D S
M A T E R I A L S  A N D  M E T H O D S
2 .1 .  Animal E x p erim en ta tion
W ista r A lbino r a t s  from th e  b reed ing  colony of th e  Animal U n it, 
U n iv e rs ity  o f S u rrey  were used  in  a l l  experim en ts, excep t f o r  t r a n s ­
p la n ta b le  hepatoma s tu d ie s ,  which were c a r r ie d  out on C h este r B ea tty  
Hooded S tr a in  o f r a t s ,  now in b re d  a t  th e  Animal U n it, U n iv e rs ity  of 
S u rrey . Male an im als were used  f o r  a l l  experim en ts, except f o r  th o se  
on f o e t a l  an im als  (sex  n o t determ ined) and on p regnan t and non-pregnan t 
fem ale c o n tro ls .
Animals were housed in  p l a s t i c  cages w ith  a bedding of saw dust, 
wood ch ip s  o r , in  th e  case  of an im als re c e iv in g  carcinogen  and th e  
c o n tro l an im als f o r  th e s e  s tu d ie s ,  'S t e r e l i t '  ( j .C .  Lee and'Company, 
C hertsey , S u rre y ) . The an im als were a llow ed  food  (L abora to ry  d ie t  1; 
.S p ra tts  P a te n t L td . ,  B ark ing , London) and w a ter ad l ib i tu m . They 
were k ep t under c o n d itio n s  of tw elve hours l i g h t ,  tw elve hours d a rk n ess .
Suck ling  r a t s  were f u l l y  weaned by s e p a ra tio n  from t h e i r  m others 
a t  21 days p o s t parturn . C on tro l a d u lt  male r a t s  were in  th e  w eight 
range 200 g to  300 S*
2 .1 .1 .  C arcinogen Treatm ent
Cages o f an im als re c e iv in g  d ie th y ln itro sa m in e  (Eastman Kodak 
Company, K irkby, L iv e rp o o l) were housed in  a  la rg e  perspex  c a b in e t 
(5 ' x V  x 3 ' )  w ith  an a c t iv a te d  c h a r c o a l - f i l t e r e d  a i r  i n l e t  and an 
a c t iv a te d  c h a r c o a l - f i l t e r e d  a i r  o u t le t  d riv e n  by a  su c tio n  pump. The 
r a t s  were a llo w ed  to  a c c l im a tis e  f o r  one week, d u rin g  which tim e t h e i r  
w ater consum ption was m onito red . The an im als were weighed and d ie th y l ­
n itro sam in e  was added to  t h e i r  d rin k in g  w a ter a t  a  c o n c e n tra tio n  such 
th a t  th e  an im als  re c e iv e d  10 mg d ie th y ln itro sa m in e /k g  body w e ig h t/d ay . 
I n i t i a l l y  t h i s  was 80 ppm b u t was in c re a se d  to  over 100 ppm a s  th e  
w ater consum ption p e r  kg body w eight d ec rea sed . T h is  dose was expec ted  
to  g iv e  a  mean hepatoma in d u c tio n  tim e of 14 weeks (D ruckrey, 19&7)•
In  s tu d ie s  on cancer i n i t i a t i o n  and prom otion, an im als were 
g iven  p h enobarb itone  (Sigma L td . ,  P oo le , D o rse t) mixed in  powdered
d ie t  (L ab o ra to ry  d ie t  2; S p r a t t s  P a te n t L td .)  to  a  f i n a l  c o n c e n tra tio n  
of 500 ppm. S ta le  food  was renewed tw ice  o r th r i c e  weekly.
F or s tu d ie s  on th e  in h ib i t io n  of normal d i f f e r e n t i a t io n  by 
tumour prom otors, sodium phenobarb itone  ( B r i t i s h  Drug Houses, B .D .H ., 
P oo le , D orset) was ad m in is te red  d a ily  by o ra l  in tu b a tio n  to  su ck lin g  
r a t s  from  te n  days p o s t parturn u n t i l  weaning a t  tw enty-one days p o st 
partum . A dose o f 58.67 mg/kg body w eight was used  a s  t h i s  was 
c a lc u la te d  to  co rrespond  to  th e  dose used in  th e  tumour prom otion 
experim en ts. A f te r  weaning, th e  r a t s  re c e iv e d  sodium phenobarb itone 
in  th e  d rin k in g  w a te r a t  a  c o n c e n tra tio n  of 400 ppm.
2 .1 .2 .  T ra n sp la n ta b le  Tumours
Two tr a n s p la n ta b le  tum ours, o r ig in a l ly  induced  by e th io n in e  a s  
d e sc rib e d  p re v io u s ly  (R eid , 1970) were passaged  by subcutaneous 
im p la n ta tio n  on th e  f la n k s  o f male C h este r B ea tty  hooded r a t s .  L ate  
p assag es  o f UA (p assag e  No. ^ 2 2 0 )  and WDA (passage  No. ^ 7 5 )  hepatomas 
were donated  by Dr. E . Reid (Robens I n s t i t u t e  of I n d u s t r i a l  and 
Environm ental H ea lth  and S a fe ty , U n iv e rs ity  o f S u rre y ). The UA tum our 
was a  fa s t-g ro w in g  (tim e  between im p la n ta tio n s  of tw enty-one d ay s), 
p o o rly  d i f f e r e n t i a t e d  hepatoma and th e  WDA tum our was a  slow er- 
growing (tim e betw een im p la n ta tio n s  o f tw enty  e ig h t d ay s), w e ll 
d i f f e r e n t i a t e d  hepatom a. These tumours were s tu d ie d  and compared 
w ith  l i v e r s  from th e  tum our-bearing  r a t s  and from  c o n tro l  a d u l t  male 
hooded r a t s .
2 .1 .3 .  P a r t i a l  H epatectom ies
P a r t i a l  hep a tec to m ies  (65  -  70^) were perform ed on a d u l t  W istar 
r a t s  in  th e  w eight range 150 -  250 g by th e  tech n iq u e  of H iggins and 
Anderson ( l 9 3 l ) • A ll o p e ra tio n s  were c a r r ie d  out under e th e r  a n a e s th e s ia .  
The abdomens o f th e  an im als were shaved w ith  an O ste r Animal C lip p e r  
(John O ste r M anufacturing  Company, Milwaukee, W isconsin, USA)' and 
washed w ith  a  d i l u t e  Wescodyne a n t i s e p t i c  s o lu t io n  (C iba-G eigy,
Horsham, S u ssex ).
A m ed ian -lin e  in c is io n  o f about 5 cm was made in  th e  sk in  ju s t
below th e  diaphragm . The sk in  was loosened  from th e  abdom inal 
m uscles u s in g  round-ended s c i s s o r s .  An in c is io n  o f 1 .5  to  2 .0  cm 
was made th ro u g h  th e  body w a ll in to  th e  p e r i to n e a l  c a v ity , th e  upper 
l im i t  be ing  a t  th e  x ip h o id  c a r t i l a g e .  The median and l e f t  l i v e r  lo b es  
were e x p e lle d  by g e n tle  p re s su re  on th e  s id e s  of th e  r ib -c a g e  and 
abdomen of th e  an im al. The lo b e s  were l ig a te d  w ith  M ersilk  su tu re  
th re a d  (H olborn S u rg ic a l In s tru m en t Company L td . ,  London) and 
removed. The peritoneum  and abdom inal m uscles were c lo se d  w ith  a 
M ersilk  su tu re  and th e  sk in  c lo se d  w ith  M ichel s u tu re  c l ip s  (H olborn 
S u rg ic a l In s tru m en t Co. L t d . ) .  Animals were a llow ed  a 20% su crose  
s o lu t io n  in s te a d  of w a te r f o r  th e  f i r s t  p o s t-o p e ra t iv e  day. Sham- 
o p e ra ted  c o n tro l  an im als underw ent s im ila r  o p e ra tiv e  p rocedures 
excep t t h a t  th e  l i v e r  lo b es  were n o t l ig a te d  and removed.
2 .1 .4 .  K i l l in g  Methods
A dult r a t s  were k i l l e d  by c e rv ic a l  d is lo c a t io n ,  n e o n a ta l and 
l a t e  f o e t a l  r a t s  were k i l l e d  by d e c a p ita t io n  and fo u r te e n  to  s ix te e n  
days g e s ta t io n  f o e t a l  r a t s  d ie d  on removal from th e  u te ru s .
2 .2 .  H is to lo g ic a l  Techniques
A ll h i s to lo g ic a l  s ta in s  were purchased  from R. A. Lamb L td . 
(London) and ro u t in e  chem icals from B r i t i s h  Drug Houses (P oo le ,
D orse t) u n le s s  in d ic a te d  o th e rw ise .
P ie c e s  o f t i s s u e  were f ix e d  in  10% n e u tr a l  b u ffe re d  fo rm alin  
( L i l l i e ,  1954) f o r  s e v e ra l  days. A f te r  f ix a t io n  sm all p ie c e s  o f t i s s u e ,
' 2 -  3 1™ in  th ic k n e s s ,  were p ro ce ssed  in  a  H is to k in e tte  ( B r i t i s h  
American O p tic a l , S lough, B u ck s .) ; t h a t  i s  th e y  were dehydra ted  in  
g raded  a lc o h o ls ,  c le a re d  i n  to lu e n e  and im pregnated w ith  wax a t  58°C.
The t i s s u e  was th e n  p la c e d  in  p l a t i c  moulds and covered  in  m olten wax. 
A f te r  h arden ing , th e  s e c tio n s  were cu t from th e  b lock  a t  a  th ic k n e s s  
o f 7yU u s in g  an American O p tic a l Spencer 820 R otary  microtome and 
mounted on g la s s  s l i d e s .
2 .2 .1 .  H aem atoxylin and E osin
Wax s e c tio n s  were ro u t in e ly  s ta in e d  w ith  haem atoxylin  (E h r lic h  
a c id )  and e o s in  (C .I .  No. 45380) u s in g  th e  method o f  Smith and B ruton  
(1977) a f t e r  th e  o r ig in a l  method o f E h r lic h  (1886) a s  fo llo w s; s e c t io n s  
were de-waxed and b rough t to  w a ter, s ta in e d  in  haem atoxylin  f o r  f i f t e e n  
m inu tes, r in s e d  in  ta p  w a te r , d i f f e r e n t i a t e d  in  1% a c id  a lc o h o l f o r
5 - 1 0  seconds, b lu ed  in  ta p  w ater f o r  10 m inutes, s ta in e d  in  1% e o s in , 
r in s e d  in  ta p  w a te r , deh y d ra ted  th rough  graded  a lc o h o ls , c le a re d  in  
xy lene  and f i n a l l y  mounted in  DPX.
2 .2 .2 .  S ta in in g  f o r  Glycogen
The p resen ce  of glycogen was dem onstrated  in  wax s e c t io n s  u s in g  
p e r io d ic  a c id  and S c h if f s  re a g e n t a s  d e sc rib e d  by G u lling  (1 9 7 4 ). The 
s ta in in g  p rocedu re  was a s  fo llo w s : s e c t io n s  were b rought to  w a te r ,,  
o x id ise d  in  1% p e r io d ic  a c id  f o r  5 m inu tes, washed in  ta p  and th e n  
d i s t i l l e d  w a te r , t r e a te d  w ith  S c h if f s  re a g e n t f o r  30 m in u te s ,. washed 
in  ta p  w a te r , c o u n te rs ta in e d  in  l i g h t  g reen  (a lc o h o lic )  f o r  5 -  10 
seconds, d eh ydra ted , c le a re d  and mounted in  DPX. A d ia s ta s e  c o n tro l  was 
run  s im u ltan eo u sly  i . e .  d u p lic a te  s e c tio n s  were in cu b a ted  in  0.1%
d ia s ta s e  f o r  30 m inutes a t  37°C to  remove th e  glycogen p r io r  to  o x id a tio n  
in  p e r io d ic  a c id .
2 .2 .3 »  S ta in in g  f o r  L ip id
S ta in in g  f o r  n e u tr a l  fat■w as c a r r ie d  out on unprocessed , f ix e d  
t i s s u e .  S e c tio n s  10yu th ic k  were cu t from  sm all p ie c e s  of t i s s u e  u sin g  
a  s led g e  microtome (R e ic h e r t, A u s tr ia )  f i t t e d  w ith  a  M ectron Thermostage 
( F r i g i s t e r  L t d . ) .  F lo a tin g  s e c t io n s  were s ta in e d  w ith  O il Red 0 
(C .I .  No. 26125) u s in g  a  m odified  L i l l i e  and Ashburn iso p ro p an o l O i l  
Red 0 method o f C u llin g  (1974) a s  fo llo w s: s e c tio n s  were washed w ell 
in  w a ter and p la c e d  in  th e  s t a i n  (6 ml O il Red 0 and 4 ml d i s t i l l e d  
w a ter, l e f t  t o  s ta n d  f o r  10 m inu tes, f i l t e r e d  and used  w ith in  1 hour) 
in  a s e a le d  c o n ta in e r  f o r  10 -  15 m inu tes, r in s e d  in  GOffo a lc o h o l to  
c le a r  th e  background, washed in  w a ter, th e  n u c le i  were s ta in e d  l i g h t l y  
in  H a r r i s 's  H aem atoxylin f o r  2 m inu tes, washed in  w a ter, d i f f e r e n t i a t e d  
in  1% HC1 in  70^ a lc o h o l , washed in  w a ter, b lu ed  in  borax , washed in  
w a te r , d r ie d  on a  c lean  g la s s  s l id e  and mounted in  g ly c e r in e  j e l l y .
2 .2 .4 .  S ta in in g  f o r  DNA
Q u a n ti ta t iv e  DNA e s tim a tio n s  were made in  wax s e c t io n s  s ta in e d  
u sin g  th e  F eu lgen  r e a c t io n  of B an cro ft (1975) a f t e r  an o r ig in a l  method 
o f Feulgen and Rossenbech (1924) a s  fo llo w s : s e c t io n s  were b rought to  
w a ter r in s e d  in  IN HC1 a t  room tem p era tu re  f o r  1 m inute, in cu b a ted  in  
IN HC1 a t  60°C f o r  8 - 1 0  m inu tes, r in s e d  in  IN HC1 f o r  1 m inute, 
r in s e d  in  d i s t i l l e d  w a te r , in cu b a ted  in  S c h if f s  re a g en t f o r  45 m inutes, 
g iven  th re e  2 m inute r in s e s  in  b is u lp h i te  s o lu tio n  (5 ml 10ft> po tassium  
m e ta b isu lp h ite  and 5 ml IN HC1 and 90 ml w a te r) , r in s e d  in  ta p  w a ter, 
dehydra ted , c le a re d  and mounted in  DPX.
C olour i n t e n s i t y  was measured in  a V ickers M85 scanning  m icro­
d en sito m e te r (V ick e rs  In s tru m e n ts , Haxby Road, York) a t  570 run u s in g  
a  100 X o il-im m ersio n  o b je c t iv e .
2.3* Enzyme H is to ch em is try
2 .3 .1*  P re p a ra tio n  of th e  T issu e
The l i v e r  was removed r a p id ly  from th e  anim al a f t e r  d ea th  and a  
p o r tio n  removed. T h is  was cu t in to  sm all p ie c e s  u s in g  c ro ssed  s c a lp e l  
b lad es  and dropped in to  a  j a r  o f hexane coo led  to  -70°C in  a  b a th  of 
a lc o h o l and crushed  s o l id  CO  ^ ( D i s t i l l e r s  Company Carbon D ioxide L t d . , 
D i s t i l l e r y  Road, Hammersmith, London) a s  d e sc rib e d  by Chayen e t  a l ,
(1 9 7 3 ) ' Such r a p id  f r e e z in g  p re v e n ts  ic e  c r y s ta l s  form ing (A ltm an,1972).
3
O rig in a lly  very  sm all p ie c e s  o f about 3 mm were used  a s  su ggested  in  
th e  o r ig in a l  method (Chayen e t  aL , 1973)» however, l a r g e r  p ie c e s  of 
about 8 mm x 5 mm were used  in  l a t e r  experim ents a s  th e se  m ain ta ined  
a g r e a te r  degree of t i s s u e  p re s e rv a tio n . The fro z e n  t i s s u e  was 
t r a n s f e r e d  to  p re -c o o le d  g la s s  v i a l s  and s to re d  in  c rushed  s o l id  CO  ^
u n t i l  i t  was c u t .
The f ro z e n  t i s s u e  was mounted on to  p re -c o o le d  m etal b locks 
u sin g  T issu e  Tek I I  OCT compound (R.A. Lamb, London) in  a  c ry o s ta t  
(B rig h t In s tru m en t Co. L td . ,  H untingdon, England) m ain ta ined  a t  -30°C 
to  -20°C. S e c tio n s  of lO ^ th ick n ess  were c u t in  th e  c ry o s ta t  w ith  a 
microtome b lad e  coo led  to  -70 to  -50°C, and f r e e z e - d r ie d  onto a lc o h o l-  
c lean ed  s l id e s  a t  room tem p era tu re , a s  d e sc rib e d  by Chayen et  a l  (1973)* 
The s l id e s  were s to re d  in  th e  c ry o s ta t  f o r  up to  48 hours u n le s s  
in d ic a te d  o th e rw ise .
2 .3 .2 .  H istochem ical Assays
Glucose 6 -P hospa tase  (E.G. 3 * 1 .3 .9 .) was a ssay ed  by th e  method of 
W achstein and M eise l (1956) a s  m odified  by Chayen e t  a l .  (1973). S lid e s  
were in cu b a ted  in  a  r e a c t io n  m ix tu re  co n ta in in g  2.27  mM g lucose  6 - 
phosphate , monosodium s a l t  (Sigma L td . ,  P oo le , D orse t) and 2 .5  mM le a d  
n i t r a t e  in  100 mM a c e ta te  b u f f e r  pH 6 .5  a t  37°G f o r  15 m inu tes. Lead 
phosphate  form ed a t  th e  s i t e  o f th e  r e a c t io n  was v is u a l is e d  by co n v ersio n  
to  le a d  su lp h id e  (d a rk  brown) on in c u b a tio n  in  0.5% (v /v )  ammonium 
su lp h id e  s o lu t io n  f o r  1 m inute . D u p lica te  c o n tro l s l id e s ,  f o r  non­
s p e c i f ic  phosphatase  a c t io n ,  were in cu b a ted  w ith  sodium 3 -g ly c e ro ­
phosphate (Sigma) in  p la c e  o f th e  g lu co se  6 -p hosphate . S lid e s  were
mounted in  g ly c e r in e  j e l l y .
Dehydrogenase Enzymes
To in h i b i t  th e  d i f f u s io n  of dehydrogenase enzymes from th e  t i s s u e  
s e c t io n  in to  th e . r e a c t io n  m ix ture  p o ly v in y l a lc o h o l , PVA ( i n i t i a l l y  
grade I ,  Sigma, l a t e r  m o lecu lar w eight 14,000 ty p e , B .D .H .) was 
in c o rp o ra te d  in to  th e  r e a c t io n  m ix tu re  to  g iv e  a  f i n a l  c o n c e n tra tio n  
o f 2C$, a s  had been recommended p re v io u s ly  (Altman, 1972). Phenazine 
m ethosu lphate , PMS (N-methylphenazonium m ethosu lphate , B .D .H .) was 
added to  th e  r e a c t io n  m ix tu re  (0 .1  mg/ml) to  a llow  th e  d em o nstra tion  
of dehydrogenase enzymes independent of endogenous NADH^  o r NADPH^- 
te tra z o l iu m  re d u c ta s e s . The co lo u red  form azan produced by th e  re d u c tio n  
o f th e  te tra z o l iu m  s a l t  was p rev en ted  from re -o x id is in g  i n i t i a l l y  by 
g a ss in g  th e  r e a c t io n  m ix tu re  w ith  N^ and l a t e r  by th e  a d d i t io n  of 
10 mM NaN^ (R ied e r e t  a l . , 1978).
The p re p a ra t io n  o f th e  r e a c t io n  m ix ture  and th e  in c u b a tio n  of 
th e  t i s s u e s  f o r  a l l  dehydrogenase enzymes was s im ila r  and i s  o u tl in e d  
below. S u ita b le  amounts o f th e  a p p ro p r ia te  b u f f e r  (se e  l a t e r )  and 
te tra z o l iu m  s a l t ,  n e o te traz o liu m  c h lo r id e  (Sigm a), were mixed and 
h ea ted  g e n tly  u n t i l  th e  te t r a z o l e  had d is so lv e d . The m ix ture  was 
coo led , f i l t e r e d  and mixed w ith  PVA in  a p p ro p r ia te  q u a n t i t i e s .  The 
m ix ture  was h e a te d  g e n tly  u n t i l  th e  PVA had com pletely  d isso lv ed - and 
allow ed  to  coo l to  about 40°C. To t h i s  m ix tu re  a l iq u o ts  of s to ck  
s o lu t io n s  of PMS, NaN^, NADP (Cambrian C hem icals, Croydon), NAD 
(B oehringer C o rp o ra tio n  (London) L td . ,  Lewes, E a s t Sussex), g lucose  
6 -p h o sp a te , sodium m ala te  (N aO H -neutralised m alic  a c id , Sigma) and 
monosodium g lu tam ate  (Sigma) were added a s  a p p ro p r ia te ,  to  g iv e  f i n a l  
c o n c e n tra tio n s  a s  in d ic a te d  l a t e r ,  and s t i r r e d  w e ll.
G lass  r in g s  o f in te r n a l  d iam eter 1 cm. and h e ig h t 4 mm. were 
g reased  on t h e i r  upper and low er s u rfa c e s  and se a le d  onto th e  s l id e  
e n c ir c l in g  th e  t i s s u e .  R eac tion  m ix tu re  was poured in to  th e  r in g s  and 
th e  whole assem bly covered w ith  a  g la s s  c o v e r s l ip .  The s l id e s  were 
in cu b a ted  in  an oven a t  37 °C and th e n  r in s e d  under a  warm ru n n in g  ta p  
b e fo re  mounting in  g ly c e r in e  j e l l y .
G lutam ate Dehydrogenase (E.G. 1 .4 .1 .2 . )  was assayed  a s  d e sc rib e d  by 
Chayen e t  a l . (1973)• The re a c t io n  m ix ture  was composed of 50 mM 
potassium  phosphate  b u f f e r ,  2Ofo (w /v) PVA, 91 mM monosodium g lu tam a te ,
3 mM NAD, 10 mM NaN^ and 0 .1  mg/ml PMS. 'The s e c tio n s  were in cu b a ted  
f o r  30 mins, d u p lic a te  s e c t io n s  were in cu b a ted  in  s u b s t r a te - f r e e  
r e a c t io n  m ix tu re  a s  c o n tro ls .
NADP-Specific M alate Dehydrogenase "M alic" Enzyme (E.C. 1 .1 .1 .4 0 )  was 
a ssay ed  a s  d e sc r ib e d  by R eid er e t  a l . (1978) u s in g  a  r e a c t io n  m ixture 
o f 50 mM t r i s  b u f f e r  pH 7*4 + 20^ (w /v) PVA, 5 mM MgCl^i 0 .8  mM NADP,
10 mM NaN^, 100 mM sodium m ala te  and 0 .1 mg/ml PMS. In c u b a tio n s  were 
f o r  30 -  45 m in u tes .
Glucose 6-Phosphate Dehydrogenase (E.C. 1 .1 .1 .4 9 )  was a ssay ed  u s in g  
a  r e a c t io n  m ix tu re  s im i la r  to  t h a t  used  f o r  m alic  enzyme s u b s t i tu t in g  
10 mM g lucose  6-phosphate  fo r -m a la te  a s  d e sc rib e d  by R eid er e t  a l  (1978)* 
In c u b a tio n s  were f o r  30 ” ^5 m inu tes. T issu es  in cu b a ted  in  s u b s t r a te -  
f r e e  r e a c t io n  m ix ture  were b lan k s  f o r  b o th  m alic  enzyme and g lu co se  6 -  
phosphate  dehydrogenase.
C on tro l and t e s t  t i s s u e s  were always assayed  s im u ltan eo u sly .
(jf-Glutamyl T ran sp e p tid a se  (E.C. . 2 .3 » 2 .2 .), was a ssay ed  a s  d e sc r ib e d  by 
Rutenburg e t  a l . (19&9)* Frozen  s e c t io n s  were a i r - d r i e d  and in c u b a ted  
i n  a  r e a c t io n  m ix ture  c o n ta in in g  2 .5  mg N- -1 -g lu tam y l 4-m ethoxy-2- 
napthylam ide ( a  g i f t  from  Dr. R. Legg, BIBRA, C arsh a lto n , S u r re y ., 
o r ig in a l ly  from  Bachem F in e  Chem icals I n c . ,  C a l i fo rn ia ,  USA), 10 mg 
F a s t  b lu e  BB s a l t  ( d ia z o t is e d  4 ' -a m in o -2 ', 5 ' -d ie th o x y b e n z a n ilid e ;
Raymond A. Lamb, London), 22 .3  mM g ly c y lg ly c in e  and 40 mM sodium 
phosphate b u f f e r  pH 6 .7  in  p h y s io lo g ic a l  s a l in e .  A f te r  in c u b a tio n  a t  
25°G f o r  10 m inutes th e  s e c t io n s  were r in s e d  in  p h y s io lo g ic a l s a l in e  
and th e  c o lo u r a llow ed  to  develop in  0 .1  M CuSO^ f o r  2 m in u tes . The 
s e c t io n s  were c o u n te rs ta in e d  in  1% Aqueous m ethyl Green (Raymond A.
Lamb) and mounted in  g ly c e r in e  j e l l y .  Photom icrographs of th e  
s e c t io n s  were ta k en  w ith in  36 hours a s  th e  co lo u r fad ed  w ith  tim e .
Photographs o f th e  v a r io u s  h i s to lo g ic a l  and h is to c h em ic a l s l id e s
were tak en  u s in g  a  V ickers  M15 m icroscope f i t t e d  w ith  a  35 mm Kodak 
camera and an au to m atic  exposure u n i t .
2 .4 . H ep atic  .Enzyme Assays
2 .4 .1 .  Chem icals
A ll  ro u t in e  chem icals were of A nalar g rade  from B .D .H ., L - a s p a r t ic  
a c id  was a ls o  o b ta in e d  from t h i s  so u rce . In  a d d it io n  to  chem icals 
m entioned p re v io u s ly  bovine serum album in (Cohn f r a c t io n  V) f o r  p ro te in  
s ta n d a rd is a t io n ,  adenosine  tr ip h o sp h a te  (disodium  s a l t ) ,  in o s in e  
d iphosphate  (monosodium s a l t )  and thym idine were o b ta in ed  from Sigma 
L td.. (P oo le , D o rse t) .
(50 /jiC i/m l, 0 .1  mCi/mmol) and £ 2 -^ \f]th y iiiid in e  (50yUCi/ml,
56 .7  mCi/mmol) were o b ta in ed  from th e  Radiochem ical C entre (Amersham, 
B u ck s .) . A ll  o th e r  enzymes, coenzymes and s u b s tr a te s  were o b ta in ed  
from B oehringer C o rp o ra tio n . The a n c i l l a r y  enzymes used  were: g lucose
6-phosphate  dehydrogenase (E .C .1 .1 .1 .4 9 )  from y e a s t  ( l  mg/ml) su sp en sio n  
in  ammonium su lp h a te  (350 U/mg) and m alate  dehydrogenase (E .C .1 .1 .1 .3 7 )  
from p ig  h e a r t  m ito chondria  (5  mg/ml) s o lu tio n , in  50/6 g ly c e ro l (1200 U/mg). 
The coenzymes and s u b s t r a te s  used  were: reduced  n ico tinam ide  aden ine  
d in u c le o tid e  (NADH); phosphoenolpyruvate (monopotassium s a l t )  and a -  
k e to g lu ta r ic  a c id  n e u t r a l i s e d  w ith  KOH.
2 ,5 -d ipheny loxyazo le  (PPO) and l ,4 - b i s - £ 2 - ( 5  p h en y lo x y azo y le )]- 
benzene (P0P0P) were o f s c i n t i l l a t i o n  grade o b ta in ed  from Packard  
In s tru m en t In c . (Downes Grove, 111. 60’515» USA). For non-aqueous 
s c i n t i l l a n t  5g PPO and 0 .5g  P0P0P were d is so lv e d  in  1 l i t r e  o f to lu e n e .
F or coun ting  aqueous sam ples 5g PPO and 0 .5g  P0P0P were d is so lv e d  in  
667 ml to lu e n e  and made u p - to  1 l i t r e  w ith  M etapol o r Synperonic NX 
d e te rg e n t o b ta in ed  from Durham Chemical D is t r ib u to r s  L td . ( B i r t le y ,
Tyne and W ear).
DE81 d is c s  2 .4  cm d iam eter were o b ta in ed  from Whatman L td . 
( S p r in g f ie ld  M ill ,  M aidstone, K en t).
2 .4 .2 .  P re p a ra tio n  of th e  T issue
The l i v e r ,  o r hepatoma t i s s u e ,  was ex c ise d  r a p id ly  a f t e r  d ea th  
from a pre-w eighed  anim al and dropped in to  ic e - c o ld  homogenising medium: 
0.15M KC1, 0.2mM KHCO  ^ (Le Page, 1948) b lo t t e d  dry  and weighed. L iv e rs
from f o e t a l  (whole l i t t e r s )  and n eo n a ta l an im als (5  -  10 an im als) 
were p o o led . A f te r  th e  rem oval o f some t i s s u e  f o r  h is to ch em ica l a n d /o r 
h i s to lo g ic a l  exam ination , th e  rem ain ing  t i s s u e  was rew eighed and 
homogenised in  2 volumes of homogenising medium u sin g  a Potter-E lvehjem - 
hom ogeniser ( P o t te r  and Elvehjem , 193&). A liq u o ts  of th e  33$ (w/v) 
homogenate were f u r th e r  d i lu te d  in  homogenising medium to  g iv e  a  10$ 
homogenate. Some of th e  10$ homogenate was f u r th e r  d i lu te d  1 0 -fo ld  
in  d i s t i l l e d  w a ter and t h i s  1$  t i s s u e  e x tr a c t  was th e n  s o n ic a te d  f o r  
3 X 1 0  seconds w ith  a  Soniprobe Type 1130 A (Daw In s tru m en ts  L t d . , 
London) so n ic a tin g  p ro b e . The rem ain ing  33% homogenate was c e n tr ifu g e d  
f o r  1 hour a t  100,000g a t  4°C in  an MSE superspeed  50 c e n tr i fu g e . A ll 
subsequent low speed sed im en ta tio n s , a s  re q u ire d  f o r  c e r ta in  enzyme 
a s sa y s , were perform ed u s in g  a Beckman J 6 c e n tr ifu g e  o r MSE m inor 
bench c e n tr i fu g e .
2 .4 .3 «  B iochem ical Enzyme Assays
Glucose 6-P hosphatase  (E.G. 3»1»3«9»)
G lucose -6-p h o sp h a tase  was assayed  a t  37°G in  th e  10$ homogenate 
u s in g  th e  method o f N o rd lie  and A rion ( 1966) w ith  a  r e a c t io n  m ix tu re  
c o n ta in in g  25mM g lu co se  6-phosphate  and 25mM t r i s - m a le a te  b u f f e r ,  
pH 6 .7  (Gorm ori, 1948). The re a c t io n  was s t a r t e d  by th e  a d d i t io n  of 
200 yul of 1C$ homogenate and stopped  a f t e r  te n  m inutes by th e  a d d it io n  
o f 10$ t r i c h lo r o a c e t i c  a c id .  The in o rg a n ic  phosphate  l ib e r a te d  was 
m easured by com parison w ith  zero  tim e b lan k s ( i . e .  t r i c h lo r o a c e t i c  
a c id  added b e fo re  th e  homogenate) and a  s tan d a rd  phosphate s o lu t io n  
u s in g  th e  a c id  am m onium -m olybdate-am inonaphthalsulphonic a c id  co lo u r 
r e a c t io n  of F isk e  and Subbarow (1925) a s  m odified  by Rowsell (S n e ll ,  
1971).
Thymidine K inase (E.G . 2 .7 « l« 2 l)
Thymidine k in a se  was assayed  in  th e  100,000g su p e rn a ta n t f r a c t io n  
a t  37°C by th e  method o f Weber e t  a l  (1978) excep t t h a t  t r is -H C l b u f f e r  
pH 8 .0  was u sed  a t  a  f i n a l  c o n c e n tra tio n  of lOOmM (Machovich and
G reengard, 1972). The r e a c t io n  m ixture was made up a s  fo llo w s:
Volume F in a l c o n c e n tra tio n
Thymidine lOmM 1 .0  Gi 50yul ImM 0 .1  ^ C i
ATP 50mM 50yul 5mM
MgClg 12.5mM 100 ju 1 2.5mM
T ris-H C l pH 8 .0  250mM 200 /jil 100 .OmM
Sample 100 yul
T o ta l 500 ^ 1
In c u b a tio n s  were f o r  30 m inu tes, th e  r e a c t io n  was stopped  by p la c in g  
th e  tu b e s  in  b o i l in g  w a te r f o r  3 m inu tes. D u p lica te  t e s t  in c u b a tio n s  
and a  s in g le  zero  tim e b lan k  in c u a b a tio n  was ru n  f o r  each sam ple. 
A liq u o ts  of 50 a l  o f th e  m ix tu re  were p ip e t te d  onto Whatman DE81 f i l t e r
r  1^ -1pap er d is c s  which s p e c i f i c a l ly  r e ta in e d  th e . r e s u l t a n t  [ 2 -  Gj thym idine 
monophosphate. The d is c s  were counted  in  non-aqueous s c i n t i l l a n t  
u s in g  a  LKB-Wallac 1210 and compared w ith  50yUl of O.lmM (Q.OlymCi) 
C ^C ^thym idine d r ie d  onto  DE81 d is c s  (approx , 1,000 cpm).
Phosphoenolpyruvate G arboxykinase (E.G. 1 .1 .3 2 )
Phosphoenolpyruvate carboxykinase was a ssay ed  in  th e  100,000g
o l^su p e rn a ta n t a t  30 C by m easuring th e  in c o rp o ra tio n  o f H G0^ in to
o x a lo a c e ta te  by th e  method of B a l la rd  and Hanson (19&7) as  fo llo w s :
Volume F in a l c o n c e n tra tio n
Phosphoenolpyruvate 25mM 
NaH G0^ 0.5M
50 j j >1 1.25mM (2yuC i)
lO O p l 5 OmM
In o s in e  d iphosphate  25mM 50 p i 1.25mM
NADH 3mM 200 yul 0.6mM
M alate dehydrogenase 1200 . ' 1 0 ^ 1 12 u n i ts
u n its /m l
D i th io th r e i t o l  lOOmM
HOCM 2 .OmM
* T h e  d i s c s  w e r e  w a s h e d  i n  i c e - c o l d  ImM am m onium  f o r m a t e  f o r  3 0  m i n ,  w a s h e d  
t w i c e  i n  ImM am m on iu m  a t  r o o m  t e m p e r a t u r e  f o r  1 0  m i n ,  t h e n  r i n s e d  i n  g e n t l y  
r u n n i n g  t a p - w a t e r  a n d  f i n a l l y  r i n s e d  i n  d i s t i l l e d  w a t e r  a n d  a i r - d r i e d .
MnCl^ 10 mM 2 0 0 2 . 0  mM
Im idazole  b u f f e r  pH 6 .0  0 .5  M 200yUl 100,0 mM
Sample 4yul
Water l66yml
T o ta l lOOOyml
In c u b a tio n s  were s t a r t e d  by th e  a d d it io n  of th e  100,000 g su p e rn a ta n t
and stopped  a f t e r  15 m inutes by th e  a d d it io n  of 1 ml 2N HG1 and excess 
14H C0^ removed by p a ss in g  CO  ^ th ro u g h  th e  m ix tu re . In c u b a tio n s  
w ithou t phosphoenolpyruvate  were ru n  in  p a r a l l e l  a s  b la n k s . A liq u o ts  
o f 0 .5  ml were added to  4 .0  ml aqueous s c i n t i l l a n t  in  m in itubes (N uclear 
Chicago D iv is io n , G.D. S e a rle  L td . ,  High Wycombe, B ucks.) and compared 
w ith  0 .5  ml 2 .5  mM NaH^CO^ ( O . l^ C i )  s tan d a rd  (approx . 70*000 cpm) 
u sin g  a  LKB-Wallac 1210.
A ll  o th e r  enzymes were a ssay ed  by l in k in g  them, e i th e r  d i r e c t ly  
o r  v ia  coupling  enzymes to  NAD(P)H p ro d u c tio n  o r u t i l i z a t i o n .  The 
r e a c t io n s  were fo llo w ed  in  s i l i c a  c u v e tte s  of 1 cm l ig h t - p a th  and 1 ml 
volume a t  3^0 nm u s in g  a  G ilfo rd  250 sp ec tropho tom eter (G ilfo rd  
In s tru m en t L a b o ra to r ie s  I n c . ,  O b e rlin , Ohio, USA) f i t t e d  w ith  a  c o n s ta n t 
tem p era tu re  housing m ain ta in ed  a t  3 0°C and a c h a r t  re c o rd e r .
G lucokinase (E.C. 2 .7 .1 .2 . )  and Hexokinase (E.C. 2 .7 * 1 « 1 .)
G lucokinase and hexokinase were assayed  in  p a r a l l e l  in  th e  
100,000 g su p e rn a ta n t f r a c t io n  by th e  method o f Sharma e t  a l  (19&3) 
a f t e r  an o r ig in a l  g lu co k in ase  method o f Di P ie t r o  and Weinhouse (19^0 ). 
The r e a c t io n  m ix tu re  co n ta in ed  g ly c y lg ly c in e  b u f f e r  pH 7«5» MgCl^,
KC1, NADP and ATP a t  f i n a l  c o n c e n tra tio n s  of SO mM, 10 mM, 133 mM,
0 .7  mM and 6 .7  mM re s p e c t iv e ly  and c o n ta in in g  5 u n i t s  g lucose  6 -phosphate  
dehydrogenase in  a  f i n a l  volume of 750 1 . To each c u v e tte  lO yul
su p e rn a ta n t was added to  s t a r t  th e  r e a c t io n  and th e  r a t e s  m easured a f t e r  
5 m inutes in c u b a tio n . Hexokinase was measured in  th e  p resence  o f 0 .5  
mM g lucose  and g lu co k in ase  and hexokinase a c t i v i t y  to g e th e r  were 
m easured in  th e  p resen ce  o f 100 mM g lu co se , and g lu co k in ase  a c t i v i t y  
c a lc u la te d  by s u b tr a c t io n .
NADP-Specific M alate Dehydrogenase, •IM alic' Enzyme (E.C. 1 .1 .1 .4 0 )
M alic enzyme was assay ed  by th e  method of Hsu and Lardy (19&9) 
in  th e  1 0 0 ,OOOg su p e rn a ta n t in  a  r e a c t io n  m ix ture  made up a s  fo llo w s:
M alate lOmM 
NADP lOmM 
MnCl2 120mM 
T rie thano lam ine  b u f f e r  
0.2M pH 7 .5
W ater 
Sample
T o ta l volume 
M alate was o m itted  from th e  b lank  in c u b a tio n s .
Glucose 6 -P hosphate Dehydrogenase ( E .C . / I .1 .1 .4 9 )
G lucose 6-phosphate  dehydrogenase a c t i v i t y  was measured in  th e  
1 0 0 ,OOOg su p e rn a ta n t f r a c t i o n  by th e  method o f Langdon ( 1966) .  The 
r e a c t io n  was s t a r t e d  by th e  a d d it io n  of lO ^ul sample to  th e  fo llo w in g  
r e a c t io n  m ix tu re :
Volume F in a l  c o n c e n tra tio n
1.75mM 
7.5mM 
0.2mM 
40 mM
G lucose 6 -phosphate  175mM 10 yu1
MgCl2 75mM 100 yul
NADP lOmM 20 yul
Tris-H C l b u f f e r  0.2M pH 7-5  2 0 0 ^ 1
W ater 660p X
Volume
50yul 
50 yal 
50 yul 
250 yul
590 yul 
lOyul 
1,000yUl
F in a l  c o n c e n tra tio n
0.5mM 
0.5mM 
6 .OmM 
5 0 .OmM
Glucose 6-phosphate  was o m itted  from th e  b lan k  in c u b a tio n s .
G lutam ate Dehydrogenase (E.C. 1 .4 .1 .2 . )
G lutam ate dehydrogenase was assay ed  in  th e  1% s o n ic a te d  homo­
genate  a s  d e sc r ib e d  by H e rz fe ld  (1972) a f t e r  th e  method of Wergedal 
and H arper (19 6 4 ). The r e a c t io n  m ix ture  was made up a s  fo llo w s :
Volume F in a l  c o n c e n tra tio n
a -k e to g lu ta ra te  60mM 50 yul 3*OmM
NADH 3mM 50 yul 0.15mM
NH^Cl 1.75M 200 yul 350 mM
Potassium  phosphate  b u f f e r  100 yul 100 mM
1M pH 7 .5
Water 590 yul
Sample 10 yul
The r e a c t io n  was s t a r t e d  by th e  a d d it io n  of th e  sam ple. B lank 
in c u b a tio n s  were c a r r ie d  out in  th e  absence o f o c -k e to g lu ta ra te .
A sp a r ta te  A m ino transferase  (E .C . 2 . 6 . 1 . ! . )
A sp a rta te  a m in o tra n s fe ra se  was measured a s  d e sc r ib e d  by H e rz fe ld  
and G reengard ( l9 7 l )  a f t e r  an o r ig in a l  method of Karmen (1955) in  th e  
1%.so n ic a te d  homogenate. The r e a c t io n  p ro d u c t, o x a lo a c e ta te , was 
reduced  by exogenous m ala te  dehydrogenase and fo llo w ed  by th e  r e -o x id a t io n  
of NADH in  th e  fo llo w in g  r e a c t io n  m ix tu re:
Volume F in a l  c o n c e n tra tio n
L -a s p a r ta te  0.8M 100yul 80mM
a -k e to g lu ta r a te  60mM 110yul 6.6mM
NADH 3mM 5 0 yul 0.15mM
M alate dehydrogenase 500 u n i t s  10 yul 5 u n i t s
Water 720 yul
Sample 10 yUl
B lank in c u b a tio n s  were c a r r ie d  out in  th e  absence o f L -a s p a r ta te  and 
re a c t io n s  were s t a r t e d  by th e  a d d it io n s  of th e  sam ple.
2 .4 A . P ro te in  E s tim a tio n
P ro te in  in  th e  100,000g su p e rn a ta n t was measured by th e  
B iu re t te  method d e sc rib e d  by Y atz ides (1977) and s ta n d a rd is e d  w ith  
d r ie d  bovine serum album in.
2 .5 . DNA A lk y la tio n  S tu d ie s
Animals re c e iv in g  d ie th y ln itro sa m in e  in  th e  d rin k in g  w a te r f o r
1, 5 and 10 weeks were g iv en  normal d rin k in g  w ater f o r  2k hours p r io r
to  a  s in g le  in t r a p e r i to n e a l  in je c t io n  of lOmg/kg d i [^ C ] e th y ln i t ro s a m in e ;
£^CjDEN, (s y n th e s is e d  from d i[I^C ]e th y lam in e  h y d ro ch lo rid e , 55^C i/
mmol: R adiochem ical C en tre , Amersham, B ucks.) or 2mg/kg d i [ ^ C ]  m ethyl-
n i tro sa m in e ; [[^CjDMN.
"l.kThe C C^DEN was d i lu te d  to  a  s p e c i f ic  a c t i v i t y  of 6.7mCi/mmol
( l  weeks p re tre a tm e n t experim en t) l6.0mCi mmol (5  weeks p re tre a tm e n t)
l^o r 8.l6mCi/mmol (10 weeks p re tre a tm e n t)  w ith  u n la h e lle d  DEN. The £ C] 
DMN was d i lu te d  to  a  s p e c i f ic  a c t i v i t y  o f 9.9mCi/mmol ( l  weeks p re ­
tre a tm e n t) ,  2 5 .2mCi/mmol (5  weeks p re tre a tm e n t)  o r 24.5mCi/mmol (10 
weeks p re tre a tm e n t)  w ith  u n la h e l le d  DMN. The an im als were k i l l e d  12 
hours l a t e r ,  th e  l i v e r s  removed and im m ediately f ro z e n  on s o l id  CO^.
DNA was e x tra c te d  from th e  l i v e r  and a lk y la te d  b ases  were an a ly sed  
a s  d e sc rib e d  p re v io u s ly  (M argison e t  aL , 1979). The method in v o lv ed  
e x tra c t io n  of DNA from th e  l i v e r  u s in g  a phenol p rocedure  (M argison 
e t  aZL. 1976b) fo llo w ed  by h y d ro ly s is  in  0.1N HC1 a t  70°C f o r  30 m inu tes. 
A f te r  a d ju s t in g  th e  pH to  2 .8  w ith  0.1N NaOH, normal and a lk y lp u r in e s  
were s e p a ra te d  on columns of Sephadex G-10 e lu te d  w ith  0.05M ammonium 
fo rm ate  in  0 .2 $  NaN^ (pH 6.75)* Normal p u rin e s  were determ ined  
sp e c tro p h o ta m e tr ic a lly  and a lk y la te d  p u r in e s  by l iq u id  s c i n t i l l a t i o n  
co u n tin g .
CHAPTER 3 
R E S U L T S
R E S U L T S
3 .1 . H epatic  D if f e r e n t ia t io n
3 .1 .1 .  Change in  L iv e r H is to lo g y  During Development 
a) . . The A dult L iv e r
H epatocy tes make up about 80$ of th e  volume of th e  l i v e r ,  K upffer 
c e l l s  and e n d o th e l ia l  c e l l s  accoun t f o r  a  f u r th e r  16$  of th e  volume 
and b i l e  d u c tu le  c e l l s  and con n ec tiv e  t i s s u e  account f o r  th e  rem ainder 
(G reengard e t  a l , 1972). The h ep a to cy te s  have an e o s in o p h ilic  
cytoplasm  and b a s o p h il ic  nu c leu s  and a re  a rran g ed  in  cords o r p l a t e s  
r a d ia t in g  from  th e  v e s s e ls .  The s in u so id a l spaces between th e  p la te s  
a re  l in e d  w ith  th e  K upffer c e l l s .  A rc h i te c tu r a l ly  th e  c e l l s  a re  
o rg an ised  in  lo b u le s  d ra in e d  by a  c e n tr a l  v e in  w ith  p o r ta l  t r a c t s  a t  
th e  p e r ip h e ry  o f th e  lo b u le  (P la te  l . l ) .  F u n c tio n a lly , th e  c e n tre  
o f th e  l i v e r  a c in u s  i s  th e  p o r ta l  (o r  .a f fe re n t)  v e s s e l  th e  a c in i  being  
d ra in e d  a t  t h e i r  p e r ip h e ry  by th e  c e n tr a l  v e in  ( te rm in a l h e p a tic  
v e n u le ) . The zones of th e  fu n c t io n a l  l i v e r  a c in u s  have been d e fin e d  
by Rappaport ( 1963) .  Zone 1 (co rresp o n d in g  to  th e  p e r ip o r ta l  re g io n )  
su rrounds th e  a f f e r e n t  v e s s e ls  and re c e iv e s  oxygen-, s u b s t r a te -  and 
horm one-rich  b lo o d . Zone 2 i s  an  in te rm e d ia te  o r t r a n s i t i o n a l  a re a  
and zone 3 (co rre sp o n d in g  to  th e  c e n tr i lo b u la r  re g io n ) re c e iv e s  oxygen-, 
s u b s t r a te -  and horm one-depleted  b lood .
H epatocy tes w ith  a  la rg e  c e n t r a l  g lycogen s to ra g e  vacuole  a re  
c a l le d  'p l a n t '  c e l l s  because o f t h e i r  appearance (P la te  1 .2 ) .  'P l a n t '  
c e l l s  a re  p redom inan tly  lo c a te d  in  zone 1, and o c c a s io n a lly  in  zone 2, 
i n  th e  fe d  an im al. I n  f ix e d  t i s s u e  th e  v acu o les  d id  no t show a  p o s i t iv e  
r e a c t io n  w ith  P e r io d ic  a c id -S c h iff 's  re a g e n t (PAS) due to  th e  le a c h in g  
out of th e  glycogen d u rin g  th e  f ix a t io n  and p ro c e ss in g  of t h i s  t i s s u e .  
Thus, th e  g lycogen  d e p o s it io n  ap p ea rs  to  be predom inant in  zone 3>
(P la te  i . 3 ) .  A number o f d i f f e r e n t  f ix a t iv e s  were exp lo red  w ith o u t 
any improvement in  g lycogen r e te n t io n .  In  u n fix ed  fro ze n  t i s s u e  th e  
PAS r e a c t io n  ap p ea rs  s tro n g e r  in  zone 1 (P la te  1 .^ )  su p p o rtin g  th e  
h y p o th es is  t h a t  g lycogen le a c h e s  out of th e  'p l a n t '  c e l l s  d u rin g
b9
PLATE 1 .1  Normal a d u lt  l i v e r .  Cords o f h ep a to cy te s  a rran g ed  r a d i a l l y  
around c e n tr a l  v e in  ,C .v .  and p o r t a l ■t r a c t  , P - t .  ; b .d . ,  b i l e  d u c t. 
F ixed  t i s s u e :  H & E ^OX mag.
PLATE 1 .2  Normal a d u lt  l i v e r  'P la n t '  c e l l s .  F ix ed  t i s s u e :  H & E 
400X mag.
7 0
PLATE 1 . 3 . N o r m a l a d u l t  l i v e r .  G l y c o g e n  d e p o s i t i o n  a p p e a r s  g r e a t e s t  
c e n t r i l o b u l a r l y . C . v . ,  c e n t r a l  v e i n  P . t . ,  p o r t a l  t r a c t .  F i x e d  t i s s u e :
PAS ^0X  m a g .
PLATE 1 .k N o r m a l a d u l t  l i v e r .  U n f i x e d  f r o z e n  t i s s u e ,  g l y c o g e n  d e p o s i t i o n  
a p p e a r s  g r e a t e s t  p e r i p o r t a l l y ; P . t . ,  p o r t a l  t r a c t ;  C . v . ,  c e n t r a l  v e i n  
PAS 1 0 0 X  m a g .
f i x a t io n  and p ro c e ss in g .
L i t t l e  f a t  d ep o stio n  is -  norm ally  seen in  th e  a d u lt  and i t  i s  
u s u a lly  d i s t r ib u te d  evenly  th ro ughou t th e  t i s s u e  (P la te  1 .5 )•  However, 
o c c a s io n a lly , q u i te  heavy f a t  d e p o s its  may be seen, e i th e r  lo c a te d  
p e r ip o r ta l ly  (P la te  1 .6 )  o r , l e s s  f r e q u e n tly , lo c a te d  c e n t r i lo b u la r ly .
In  f ix e d  t i s s u e  th e  f a t  was seen  a s  cy top lasm ic d ro p le ts ,  b u t in  
fro z e n  t i s s u e  i t  was d i s t r ib u te d  in  sm all d ro p le ts  lo c a te d  a t  th e  c e l l  
membrane.
Enzyme h is to c h em ic a l s tu d ie s  of normal a d u lt  l i v e r  r e v e a l  a 
p o s i t iv e  r e a c t io n  f o r  g lu co se  6 -phosphatase  which i s  g r e a te r  in  zone 1 
(P la te  1 .7 ) .  G lucose 6 -phosphate  dehydrogenase (P la te  1 .8 ) and 
m alic  enzyme (P la te  1 .9 )  a re  lo c a te d  predom inan tly  in  zone 3> and 
g lu tam ate  dehydrogenase i s  more even ly  d i s t r ib u te d  th ro u g h to u t th e  
t i s s u e  w ith  a  b ia s  tow ards zone 3 (P la te  1 .1 0 ) .
. b)  The F o e ta l  L iv e r
D uring d i f f e r e n t i a t i o n  and developm ent th e  r a t  l i v e r  underwent 
s e v e ra l  changes in  h is to lo g ic a l  appearance . The l i v e r  rudim ent of 
th e  1^-day fo e tu s  bore l i t t l e  resem blance to  th e  a d u l t  organ. There 
i s  no lo b u la r  a r c h i te c tu r e  o r t r a b e c u la r  .c e l lu la r  o r g a n is a t io n , . 
r a th e r  th e  c e l l s  a re  am orphously a rran g ed  and th e  t i s s u e  i s  perm eated 
by la rg e  b lood  spaces (P la te  l . l l ) .  H aem atopoietic  t i s s u e  was 
abundant in  th e  t i s s u e  e s p e c ia l ly  around th e  b lood sp aces. The c e l l s  
were sm all w ith  f i n e ly  v a cu o la ted  b a so p h il ic  cytoplasm . The n u c le i  
were rounded o r  o v a l and u s u a lly  hypochrom atic w ith  hyperchrom atic  
m argins and one o r  two prom inent hyperchrom atic  n u c le o l i  (P la te  1 .1 2 ) .  
The n u c le a r /c y to p la sm ic  r a t i o  was h igh  and m ito ses  were f r e q u e n t.
Large f a t  d ro p le ts  were s c a t te r e d  evenly  th roughou t th e  t i s s u e  (P la te
1 . 13).
By th e  sev en teen th  g e s ta t io n a l  day th e  f o e t a l  l i v e r  showed 
s ig n s  o f v a s c u la r i s a t io n ,  w ith  c lu s t e r s  of v a sc u la r  e p i t h e l i a l  c e l l s  
ap p earin g  and some la rg e  v e s s e ls  developing  (P la te  l . l A ) .  There was, 
however, no ev idence o f lo b u la r  a r c h i te c tu r e  o r a' p l a t e - l i k e  arrangem ent 
o f th e  h e p a to c y te s . The cytoplasm  of th e  h ep a to cy tes  was b a s o p h il ic  
w ith  la rg e  vacu o les  s im i la r  to  th e  ’p la n t '  c e l l s  o f th e  a d u l t .  PAS
PLATE 1 . 5  N orm al a d u l t  l i v e r .  N e u t r a l  f a t  d e p o s i t i o n  . i s  lo w  a n d
s c a t t e r e d  th r o u g h o u t  t h e  l i v e r .  F ix e d  t i s s u e :  0R0 25X m ag.
PLATE 1 . 6  N o r m a l  a d u l t  l i v e r  l o c a l l i s e d  f a t  d e p o s i t s :  P . t . ,  p o r t a l  
t r a c t .  F i x e d  t i s s u e :  0 R 0  25X  m a g .
PLATE 1 . 7  N o r m a l a d u l t  l i v e r .  G l u c o s e  6 - p h o s p h a t a s e  p r e d o m i n a n t l y  
l o c a t e d  i n  z o n e  1 .  P . t . ,  p o r t a l  t r a c t ;  C . v . ,  c e n t r a l  v e i n .  ^OX m a g .
PLATE 1 . 8  N o r m a l a d u l t  l i v e r .  G l u c o s e  6 - p h o s p h a t e  d e h y d r o g e n a s e  
p r e d o m i n a n t l y  l o c a t e d  i n  z o n e  3»  P « t . ,  p o r t a l  t r a c t .  ^OX m a g .
PLATE 1 . 9  N o r m a l  a d u l t  l i v e r .  M a l i c  e n z y m e  p r e d o m i n a n t l y  l o c a t e d  i n  
z o n e  3 *  P . t . ,  p o r t a l  t r a c t .  ^OX m a g .
***? T % 4*;'. ’
PLATE 1 . 1 0  N o r m a l  a d u l t  l i v e r .  G l u t a m a t e  d e h y d r o g e n a s e ,  b i a s  t o w a r d s  
z o n e  3 . 4 0 X  m a g .
PLATE 1 . 1 1  L i v e r  r u d i m e n t  o f  f o u r t e e n - d a y  f o e t u s .  S h e e t s  o f  h e p a t o c y t  
p e r m e a t e d  b y  b l o o d  s p a c e s ,  b . s . ;  A b u n d a n t  h e a m a t o p o i e t i c  t i s s u e ,  H .
F i x e d  t i s s u e :  H & E 1 0 0 X  m a g .
PLATE 1 . 1 2  L i v e r  r u d i m e n t  o f  f o u r t e e n - d a y  f o e t u s .  H e p a t o c y t e s  a r e  
s m a l l  a n d  b a s o p h i l i c .  H y p o c h r o m a t i c  n u c l e i  w i t h  h y p e r c h r o m a t ic  m a r g i n s  
c a n  b e  s e e n ,  N . ;  h a e m a t o p o i e t i c  c e l l s ,  H ,  F i x e d  t i s s u e  H & E ^OOX m a g .
PLATE 1 . 1 3  L i v e r  r u d im e n t o f  f o u r t e e n - d a y  f o e t u s .  L a r g e  f a t  d r o p l e t s
s c a t t e r e d  th r o u g h o u t  t i s s u e .  F ix e d  t i s s u e :  0R0 ^OX m ag.
PLATE 1 . 1 4  L i v e r  o f  s e v e n t e e n - d a y  f o e t u s .  V a s c u l a r i s a t i o n  s t a r t i n g  b u t
n o  e v i d e n c e  o f  l o b u l a r  a r c h i t e c t u r e  c h a r a c t e r i s t i c  o f  a d u l t  l i v e r .  
A b u n d a n t  h a e m a t o p o i e t i c  t i s s u e .  F i x e d  t i s s u e  H & E ^OX m a g .
r e a c t io n  f a i l e d  to  show th e  p resen ce  of g lycogen in  th e se  c e l l s ,  
presum ably because of le a c h in g  o u t, b u t abundant g lycogen d e p o s its  
were seen  in  some a re a s .  The n u c le i  were d a rk e r th a n  a t  fo u r te e n  
days g e s ta t io n ,  th e re  was a  h ig h  n u c le a r/c y to p la sm ic  r a t i o  and many 
m ito t ic  f ig u r e s  were seen . Very l i t t l e  f a t  cou ld  be d e te c te d  in  th e  
t i s s u e .  H aem atopoietic  c e l l s  made up about 25% of th e  t o t a l  c e l l  
volum e.
One day p r io r  to  b i r t h  ( th e  tw e n tie th  g e s ta t io n a l  day) th e  
l i v e r  had become more v a s c u la r is e d  and in  some a re a s  th e  h ep a to cy te s  
seemed to  be a rra n g ed  in  two o r  th re e  c e l l - t h i c k  p la te s  o r i s la n d s  of 
c e l l s  (P la te  1 .1 5 ) .  The h ep a to cy te s  had b a so p h il ic  cytoplasm  and 
th e re  was a  h ig h e r  n u c le a r /c y to p la sm ic  - r a t i o  th a n  in  th e  a d u l t .  Some 
n u c le i  were e n la rg e d  and th e re  was a  g r e a te r  number o f c e l l s  in  
m ito s is  th an  observed  in  th e  e a r l i e r  f o e t a l  l i v e r s .  Q uite heavy d e p o s its  
o f glycogen ( P la te  1 .16) cou ld  be seen and a  s u b s ta n t ia l  amount o f f a t  
was p re s e n t i n  th e  form  o f d ro p le ts  s c a t te r e d  evenly  th roughou t th e  
t i s s u e .  H aem atopoietic  t i s s u e  was s l i g h t ly  reduced  compared w ith  
sev en teen  days g e s ta t io n .
O v e ra ll , th e  changes from  day fo u r te e n  to  one day b e fo re  b i r t h  
in c lu d e  th e  developm ent of v a sc u la r  t i s s u e ,  th e  in c re a se  th e n  s l i g h t  
d ec rea se  in  h aem ato p o ie tic  t i s s u e ,  in c re a s in g  numbers of m ito ses  and 
in c re a s e d  cy top lasm ic  g lycogen and f a t .
c) . Changes A f te r  B ir th
I n  th e  l i v e r  o f th e  newborn anim al ( l e s s  th a n  e ig h te en  hours 
p o s t partum ) th e  h aem ato p o ie tic  c e l l s  were co n fined  to  sm all c lu s t e r s  
(P la te  1 .1 7 ) . In  some a re a s  th e  h ep a to cy te s  were a rran g ed  in  co rds 
o r  p l a t e s  two c e l l s  th ic k ,  sometimes one c e l l  th ic k ,  w ith  d i l a t e d  
s in u s o id s . The p a t te r n  of v a s c u la r is a t io n  was very  s im ila r  to  t h a t  
seen  in  th e  a d u l t  l i v e r .
The h e p a to c y te s  had l o s t  th e  v a c u o la tio n  o f th e  cytoplasm  seen  
b e fo re  b i r t h ,  presum ably because of a  m o b ilis a tio n  of th e  g lycogen 
s to r e .  Loss o f g lycogen was a ls o  in d ic a te d  by a poor PAS re a c t io n  
(P la te  1 .1 8 ) . The cytoplasm  was more e o s in o p h il ic  th a n  in  f o e t a l  
h ep a to cy te s  and s l i g h t ly  more th a n  in  th e  a d u l t .  The n u c lea r m argin
PLATE 1 . 1 5  L i v e r  o f  t w e n t y - d a y  f o e t u s .  V a s c u l a r i s a t i o n  w e l l - d e v e l o p e d  
so m e  a r e a s  a r e  a r r a n g e d  i n  t w o  c e l l - t h i c k  p l a t e s .  H a e m a t o p o i e t i c  t i s s u e  
s l i g h t l y  r e d u c e d .  F i x e d  t i s s u e :  H & E 4 0 X  m a g .
PLATE 1 . l 6  L i v e r . o f  t w e n t y - d a y  f o e t u s .  G l y c o g e n  d e p o s i t s  a r e  s e e n .  
F i x e d  t i s s u e :  PA S kOX m a g .
PLATE 1 . 1 7  N e w b o r n  r a t  l i v e r .  H a e m a t o p o i e t i c  t i s s u e  g r e a t l y  r e d u c e d  
c y t o p l a s m  o f  h e p a t o c y t e  i s  m o r e  e o s i n o p h i l i c  t h a n  i n  t h e  f o e t a l  l i v e r .  
F i x e d  t i s s u e :  H & E 1 0 0 X  m a g .
PLATE 1 . 1 8  N e w b o r n  r a t  l i v e r .  A b s e n c e  o f  g l y c o g e n  d e p o s i t s .  F i x e d  
t i s s u e :  PA S -^OX m a g .
and n u c le o l i  were more hyperchrom atic  th a n  in  a d u l t  o r f o e ta l  
h e p a to c y te s . The n u c le a r /c y to p la sm ic  r a t i o  rem ained h ig h e r th a n  in  
th e  a d u l t .
M oderately  heavy f a t  d e p o s its  were seen lo c a l i s e d  predom inan tly  • 
in  zone 2 and zone 1 (P la te  1 .1 9 ) .
At f iv e  days p o s t parturn th e re  was s t i l l  some r e s id u a l  haemato­
p o ie t i c  t i s s u e  b u t t h i s  was r e s t r i c t e d  to  very  sm all c lu s t e r s  o f 
c e l l s .  The a r c h i te c tu r e  o f th e  l i v e r  resem bled  c lo s e ly  th a t  of th e  
a d u l t  (P la te  1 .2 0 ) . The c e l l s  were a rran g ed  in  co rd s , m ostly  one 
c e l l  th ic k  b u t sometimes two c e l l s  th ic k ,  s e p a ra te d  by s in u so id s  
t h a t  were o c c a s io n a lly  s l i g h t l y  d i la te d .  Many macrophages a n d /o r  
K upffer c e l l s  cou ld  be seen .
The h ep a to cy te s  were very  s im ila r  in  appearance to  a d u l t  hep a to ­
c y te s  b u t w ith  a  s l i g h t l y  e le v a te d  n u c le a r /c y to p la sm ic  r a t i o  and 
some co n ta in ed  hypochrom atic n u c le i  w ith  hyperchrom atic  m argins and 
n u c le i ,  g iv in g  th e n  am .'em pty ' appearance (P la te  1 .2 1 ) .
There was a  m odera tely  s tro n g  PAS re a c t io n ,  e s p e c ia l ly  in  zone 1 
(P la te  1 .2 2 ) . F a t d e p o s it io n  was lo c a l i s e d  in  v a sc u la r  a re a s ,  
p o s s ib ly  co rrespond ing  to  zone 3 (P la te  1 .2 3 ) .
By te n  days p o s t partum  th e  h ep a to cy te s  resem bled  very  c lo s e ly  
th e  a d u l t  h e p a to c y te s , though th e  n u c le a r /c y to p la sm ic  r a t i o  was s t i l l  
e le v a te d . The a r c h i te c tu r e  and v a s c u la r is a t io n  p a t te r n  was in d is t in g u is h  
a b le  from  th e  a d u l t  excep t t h a t  in  some a re a s  th e  b i l e  d u c ts  were 
v e ry  pronounced and th ic k  w a lled  w ith  some b i l e  duct p r o l i f e r a t i o n  
(P la te  1 .2 ^ ) . Glycogen d e p o s its  appeared  to  be s l i g h t l y  reduced  
compared to  f iv e  days p o s t partum  and f a t  d e p o s its  were co n ce n tra te d  
m ainly around th e  p o r ta l  t r a c t s .  Some n u c le i  were 'em pty ' lo o k in g  
b u t th e  m a jo r ity  were s im i la r  to  a d u lt  h ep a to cy te s  n u c le i .  More 
m ito ses  cou ld  be seen , s c a t te r e d  more o r l e s s  evenly  th ro u g h o u t th e  
t i s s u e ,  th a n  in  e i th e r  th e  newborn o r th e  f iv e -d a y  o ld  r a t  l i v e r .
I n  th e  l i v e r  of th e  f i f te e n - d a y  o ld  r a t  very  few h aem ato p o ie tic  
c e l l s  were seen . The a r c h i t e c tu r a l  arrangem ent of th e  h ep a to cy te s  
was id e n t i c a l  t o  t h a t  o f th e  a d u l t .  B ile  d u c ts  were s t i l l  very  
pronounced and m u ltip le  w ith  heavy v a s c u la r is a t io n  p e r ip o r ta l ly  (P la te  
1 .2 5 ) . Some n u c le i  had an 'em pty ' appearance and a few were hyper­
chrom atic  b u t th e  v a s t  m a jo r ity  appeared  in d is t in g u is h a b le  from  th e
PLATE 1.19 Newborn rat liver. Presence of fat deposits. Fixed tissue
0R0 ^OX mag.
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PLATE 1 . 2 0  F i v e - d a y  o l d  r a t  l i v e r .  H e p a t o c y t e s  a r r a n g e d  i n  c o r d s  
o n e  o r  t w o  c e l l s  t h i c k ,  so m e  d i l a t e d  s i n u s o i d s .  F i x e d  t i s s u e :  H & E
PLATE 1 . 2 1  F i v e - d a y  o l d  r a t  l i v e r .  T h e  n u c l e i  o f  s o m e  h e p a t o c y t e s  a r e  
h y p o c h r o m a t i c  w i t h  h y p e r c h r o m a t i c  m a r g i n s  a n d  n u c l e o l i .  F i x e d  t i s s u e :
H & E ^OOX m a g .
PLATE 1 . 2 2  F i v e - d a y  o l d  r a t  l i v e r ,  g l y c o g e n  d e p o s i t i o n  i n  z o n e  1 .  
F i x e d  t i s s u e :  PA S ^OX m a g .
PLATE 1 .2 3  F iv e - d a y  o ld  r a t  l i v e r .  F a t  d e p o s i t i o n  n e a r  som e v a s c u l a r
a r e a s .  F ix e d  t i s s u e :  0R0 ^OX m ag.
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PLATE 1 . 2 ^  T e n - d a y  o l d  r a t  l i v e r .  B i l e  d u c t  p r o l i f e r a t i o n .  F i x e d  
t i s s u e :  H & E 1 0 0 X  m a g .
PLATE 1.25 Fifteen-day old rat liver. Heavy vascularisation periportally.
Fixed tissue: H & E 25X mag.
PLATE 1 . 2 6  W e a n l i n g  r a t  l i v e r .  N o r m a l l i v e r  a r c h i t e c t u r e ,  p o r t a l  
v a s c u l a r i s a t i o n  s t i l l  p r o m i n e n t .  F i x e d  t i s s u e :  H & E ^OX m a g .
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a d u l t  n u c le i .
The PAS re a c t io n  in d ic a te d  th a t  glycogen was predom inan tly  
c e n t r i lo b u la r  in  lo c a t io n .  F a t d e p o s it io n  was more marked p e r ip o r t a l ly .
In  th e  w eanling anim al a l l  th e  r e s id u a l  h aem atopo ie tic  t i s s u e  
had d isap p ea red  and th e  l i v e r s  were v i r t u a l l y  in d is t ig u is h a b le  from 
th o se  of a d u l t  r a t s .  A few m ito t ic  f ig u r e s  could  s t i l l  be seen  and 
th e  b i l e  d u c ts  were s t i l l  prom inent though t h i s  was much l e s s  
pronounced th a n  a t  e a r l i e r  ag es , (P la te  1 .2 6 ) .
The p resen ce  o f f a t  v acuo les was r e s t r i c t e d  to  r e l a t i v e l y  few 
c e l l s  and th e  g lycogen d e p o s its  were reduced , presum ably r e f l e c t in g  
th e  change in  d i e t  from h ig h - f a t  m ilk  to  lo w -fa t  s o l id  food .
To summarise th e  changes occuring  from b i r t h  to  weaning: 
th e re  was i n i t i a l l y  a lo s s  o f g lycogen, which was r e s to re d  by f iv e  
days p o s t partum ; th e re  was a  lo s s  o f haem ato p o ie tic  t i s s u e  and th e  
lo b u la r  a r c h i te c tu r e  c h a r a c t e r i s t i c  o f th e  a d u l t  l i v e r  was acquired; 
marked v a s c u la r is a t io n  occured  p e r ip o r ta l ly  and t h i s  was a s s o c ia te d  
w ith  b i l e  duc t p r o l i f e r a t i o n ;  l i t t l e  m ito tic  a c t i v i t y  was seen  up to  
f iv e  days p o s t partum  b u t by te n  days th e  m ito ses  were abundant, th e  
m ito t ic  r a t e  d e c lin e d  t h e r e a f t e r .
3 .1*2 . Changes in  L iv e r  Weight D uring Development
Tha changes in  l i v e r  w eight in  r e l a t i o n  to  body w eight d u rin g  
developm ent a re  shown in  f ig u r e  3*1*!'• These changes a re  in  good 
agreem ent w ith  th e  f in d in g s  of o th e r  w orkers (W inick and Noble, 1965; 
Vernon and W alker, 19&8). The l i v e r  of f o e t a l  r a t s  was la rg e  in  
r e l a t i o n  to  body s iz e  and reach ed  a  peak s h o r t ly  b e fo re  b i r t h .  P a r t  
o f t h i s  in c re a s e  i s  accoun ted  f o r  by th e  s to ra g e  o f g lycogen seen  
h i s to lo g ic a l ly  ( s e c t io n  3*!■!•&•)■ There was a  sudden d ecrease  in  
l i v e r  w eight du rin g  th e  f i r s t  p o s tn a ta l  day which r e f l e c t s  th e  lo s s  of 
g lycogen  seen h i s to lo g ic a l ly  ( s e c t io n  3*1* l« a .) .  The l i v e r  weight- 
co n tin u ed  to  d ecrease  in  r e l a t i o n  to  body w eight because of reduced  
grow th r a t e  compared w ith  th e  r e s t  of th e  body, so th a t  i t  reach ed  
a  tro u g h  a t  te n  days p o s t partum . The m ito t ic  a c t i v i t y  of th e  h e p a t-  
c y te s , a s  judged h i s to lo g ic a l ly ,  was in c re a se d  a t  te n  days p o s t  partum . 
T h is  presum ably c o n tr ib u te d  to  th e  observed  in c re a s e  in  r e l a t i v e  l i v e r  •
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F ig u re  3»1»2 Changes in  Enzyme A c t iv i t i e s  D uring Development
E r ro r  h a rs  r e p re s e n t  mean ± SEM.
C losed  c i r c l e s ,  s o l id  l i n e  re p re s e n t  u n i t s /g  l i v e r  exp ressed  in  
n o rm alised  l i v e r  u n i t s  (L .U .) ;  Open c i r c l e s ,  broken l i n e  r e p re s e n t  
u n i t  s /l0 0 g 'b o d y  w eight co n v erted  to  L.U.
F ig u re s  on a b s c is s a  a s  in  F ig . 3 . 1 .1
( i ) TK; Thymidine k in a se
( i i ) HK; Hexokinase
( i i i ) G6PDH; Glucose 6-Phosphate dehydrogenase
( iv ) GDH; G lutam ate dehydrogenase
(v ) AAT; A sp a rta te  a m in o tra n sfe rase
( v i) G6Pase; Glucose 6 -phosphatase
( v i i ) PEPCK; Phosphoenolpyruvate carboxykinase
( v i i i ) GK; G lucokinase
( ix ) M alic; M alic  enzyme
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w eight from t h i s  tim e p o in t .  The r e l a t i v e  l i v e r  w eight of th e  w eanling
anim al was ap p rox im ate ly  th e  same a s  f o r  th e  a d u l t .
These, changes must be ta k en  in to  account i f  th e  p h y s io lo g ic a l
e f fe c t iv e n e s s  o f th e  h e p a tic  enzyme a c t i v i t i e s  to  th e  whole anim al i s  
being  co n s id e red . F or t h i s  reaso n  th e  a c t i v i t i e s  of th e  enzymes a re  
exp ressed  n o t on ly  a s  u n i t s /g  l i v e r  b u t a ls o  a s  un its/lO O g body w eigh t.
3*1*3» Enzyme Changes During Development
The n in e  enzymes s tu d ie d  show s p e c if ic  p a t te r n s  of ex p re ss io n  
d u rin g  developm ent (see  ta b le  1 .1  in  th e  In tr o d u c t io n ) .  The r e s u l t s  
o b ta in ed  a re  shown in  Table 3 • 1 • 1 •» an(l  F ig . 3 • 1 • 2 . ( i  -  ix )  shows 
th e  a c t i v i t i e s  o f th e  enzymes du rin g  developm ent, exp ressed  in  
no rm alised  l i v e r  u n i t s  ( i . e .  LU; th e  va lue  in  a d u l t  l i v e r  i s  ta k en  a s
1 .0  LU) to  f a c i l i t a t e  com parison w ith  normal a d u l t  le v e l s .
F o r some o f th e  enzymes- (g lu c o k in a se , g lu co se  6-phosphate 
dehydrogenase and m alic  enzyme) th e  change in  a c t i v i t y  was la rg e  
du rin g  th e  weaning p e rio d  so th re e  weaning v a lu e s  a re  g iven : e a r ly  
w eanling  (w ith in  th e  f i r s t  tw elve  hours of w eaning); w eanling (one 
day a f t e r  w eaning); and l a t e  w eanling ( g r e a te r  th a n  one day a f t e r  
w eaning). The change in  a c t i v i t y  o f th e  o th e r  enzymes was n e g l ig ib le  
d u rin g  t h i s  p e r io d  and only  one w eanling va lu e  i s  g iv en .
In  g e n e ra l  th e  r e s u l t s  were a s  expected  from th e  p u b lish e d  d a ta . 
Thymidine k in a se  was p re s e n t a t  very  h igh  le v e l s  in  th e  f o e tu s ,  d e c lin e d  
r a p id ly  aound b i r t h  and th e n  co n tinued  to  d e c lin e  g ra d u a lly  from  f iv e  
days p o s t parturn to  ad u lth o o d . L ikew ise hexokinase was e le v a te d  in  
th e  f o e t a l  l i v e r ,  d e c lin e d  tow ards b i r t h ,  and n ea r a d u lt  le v e l s  were 
a t t a in e d  in  th e  p o s tn a ta l  p e r io d .
G lucose 6 -phosphate  dehydrogenase a c t i v i t y  was s ig n i f ic a n t ly  
h ig h e r  in  th e  f o e t a l  l i v e r  th a n  th e  a d u l t  l i v e r ,  d e c lin e d  a f t e r  b i r t h  
to  s ig n i f i c a n t ly  low er th a n  a d u l t  v a lu es  and in c re a se d  to  a d u l t  
•values on weaning.
Lower th a n  a d u lt  l e v e l s  o f a s p a r t i c  am in o tra n sfe ra se  were 
observed  in  th e  l i v e r  o f th e  r a t  a t  fo u r te e n  to  s ix te e n  days g e s ta t io n .  
When exp ressed  in  u n i t s /g  t i s s u e  th e  a c t i v i t y  in c re a se d  s tead ily ^  
b e fo re  and a f t e r  b i r t h  to  re a c h  a  maximum v a lu e  a t  te n  days p o s t p a r t  urn
fo llo w ed  by a  d ecrease  to  a d u l t  l e v e l s  on w eaning. I f  th e  r e s u l t s  a re  
ex p ressed  in  term s o f body w eight th e  peak occurs s h o r t ly  a f t e r  b i r t h .
G lutam ate dehydrogenase was v i r t u a l l y  ab se n t u n t i l  th e  l a t e  
f o e t a l  tim e p o in t  when th e  a c t i v i t y  was iO -  20^ o f th e  a d u lt  v a lu e . 
There was a  sharp  r i s e  in  a c t i v i t y  a f t e r  t h i s  tim e and on th e  f i r s t  
p o s tn a ta l  day th e  a c t i v i t y  was about 0 .8  LU/g t i s s u e  (0 .6  LU/lOO g 
body w e ig h t) . The a c t i v i t y  rem ained f a i r l y  c o n s ta n t du ring  th e  
p o s tn a ta l  p e r io d  and a d u l t  v a lu e s  a re  n o t ach ieved  u n t i l  a f t e r  weaning.
The a c t i v i t y  o f g lu co se  6 -phosphatase  in c re a se d  ra p id ly  d u ring  
th e  . la te  f o e t a l  p e r io d  and peaked in  th e  f i r s t  few p o s tn a ta l  days, 
a t  a  l e t e l  above a d u l t  v a lu e s . T his r e f l e c t s  an in c re a se d  c a p a c ity  
f o r  g lu coneogenesis  and g lycogen  m etabolism . The maximum, in  term s 
o f u n i t s /g  t i s s u e ,  occured  a t  f iv e  days p o s t partum  and th e n  th e  
a c t i v i t y  f e l l  s t e a d i ly  to  n e a r  a d u l t  v a lu es  by w eaning. When ex p ressed  
in  term s of body w eight th e  r e s u l t s  in d ic a te  peak a c t i v i t y  d u rin g  th e  
f i r s t  p o s tn a ta l  day.
Phosphoenolpyruvate carb o x y k in ase , an o th e r g luconeogenic  enzyme, 
e x h ib ite d  a  s im ila r  p a t te r n  o f a c t i v i t y  to  g lucose  6 -p h o sp h a tase . 
A c t iv i ty  was n e g l ig ib le  b e fo re  b i r t h  b u t th e re  was a  sudden r i s e  a t  • 
b i r t h  and a  maximum, g r e a te r  th a n  tw ice  th e  a d u l t  l e v e l s  th e n  d ecreased  
r a p id ly  to  a d u l t  l e v e l s  on w eaning.
Both g lu co k in ase  and m alic  enzyme were u n d e te c ta b le  b e fo re  f i f t e e n  
days p o s t partum , b u t showed a  sudden in c re a s e  on weaning. F or m alic  
enzyme maximal a c t i v i t y  (abou t 1 .6  LU) was observed  during  l a t e  weaning.
The so lu b le  p ro te in  c o n ten t was s ig n i f i c a n t ly  reduced  in  th e  
fo e tu s  compared to  a d u l t  v a lu e s  b u t in c re a se d  a f t e r  b i r t h  to  re a ch  
a d u l t  v a lu es  a f t e r  weaning.
3*2. Changes D uring D ie th y ln itro sa m in e -in d u c ed  H epatocarc inogenesis
3*2 .1 . E xperim en ta l P ro to co l
R ats were g iv en  d ie th y ln itro sa m in e  in  th e  d rin k in g  w ater a s  
d e sc rib e d  in  th e  methods s e c t io n  and were k i l l e d  a t  v a rio u s  tim e 
in te r v a l s  a f t e r  th e  s t a r t  of th e  tre a tm e n t. The l i v e r s  were examined 
h i s to lo g ic a l ly  and b io ch em ica lly  to  in v e s t ig a te  th e  p o s s ib i l i t y  t h a t  
th e  developm ent o f tum ours i s  accompanied by a  s tep -w ise  r e t r o -  
d i f f  e r e n t i a t i o n .
I n  a  p re lim in a ry  experim ent an im als were k i l l e d  a t  s ix  weeks 
(when no tum ours were form ed) a t  e lev en  weeks ( a t  th e  beginn ing  of 
tumour fo rm atio n ) and a t  f i f t e e n  weeks (when la rg e  tumours were p r e s e n t  
all d u ca ts  and-Hnkj were becoming m oribund). B iochem ical in v e s t ig a t io n s  
re v e a le d  th a t  la rg e  changes in  enzymic a c t i v i t y  had occurred  by s ix  
weeks a lth o u g h  h i s to lo g ic a l  changes were m inor. A second experim ent 
was th e re fo re  c a r r ie d  out and an im als  were k i l l e d  a f t e r  two, fo u r ,  
s ix ,  e ig h t ,  te n  and e lev en  weeks, and t h e i r  l i v e r s  examined. The 
r e s u l t s  o f t h i s  second experim ent w i l l  be d e sc rib e d  in  d e t a i l  w ith  • 
b r i e f  re fe re n c e  to  th e  f i r s t  experim ent.
3 .2 .2 .  M orphological and H is to lo g ic a l  Changes During D ie th y ln itro sa m in e -  
Induced H epato carc in o g en esis
A f te r  two weeks of d ie th y ln itro sa m in e  tre a tm e n t th e  l i v e r  was 
in d is t in g u is h a b le  from normal l i v e r  (P la te  2 .1 ) .  P e r ip o r ta l ly  th e re  
were 'p l a n t '  c e l l s  from which th e  g lycogen had le ach ed  out du rin g  
f i x a t io n .  T h is  r e s u l te d  in  g lycogen d e p o s its  ap p earin g  h e a v ie s t  
c e n t r i lo b u la r ly . In  one o f th e  fo u r  an im als however, bands o f c e l l s ,  
about th r e e  c e l l s  th ic k ,  around th e  c e n tr a l  v e in s  had reduced  glycogen 
co n ten t (P la te  2 .2 . ) .  These c e l l s  had s l i g h t ly  condensed and eo sin o ­
p h i l i c  cytoplasm  and th e  n u c le i  were s l i g h t ly  hypochrom atic.
E s s e n t i a l ly  th e  h i s to lo g ic a l  appearance of th e  l i v e r  a f t e r  fo u r  
weeks was normal (P la te  2 . 3 ) .  A few e o s in o p h ilic  c e l l s  could  be seen 
around th e  c e n t r a l  v e in  and in  th e se  c e l l s  th e re  was a  d e p le t io n .o f  
th e  g lycogen c o n te n t. The degree of c e n t r i lo b u la r  e o s in o p h il ia  and
PLATE 2 .1  L i v e r  o f  r a t  a f t e r  tw o  w e e k s  d i e t h y l n i t r o s a m i n e  t r e a t m e n t
E s s e n t i a l l y  n o rm a l a p p e a r a n c e .  F ix e d  t i s s u e :  H & E 25X m ag.
PLATE 2 . 2  L i v e r  o f  r a t  a f t e r  tw o  w e e k s  d i e t h y l n i t r o s a m i n e  t r e a t m e n t
G ly c o g e n  l o s s  c e n t r i l o b u l a r l y . C . v . ,  c e n t r a l  v e i n :  P . t . ,  p o r t a l  t r a c t
F ix e d  t i s s u e :  PAS 2 5X m ag.
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PLATE 2 . 3  L i v e r  o f  r a t  a f t e r  f o u r  w e e k s  d i e t h y l n i t r o s a m i n e  t r e a t m e n t .  
N o r m a l a p p e a r a n c e  w i t h  n o  a r c h i t e c t u r a l  d i s t u r b a n c e .  F i x e d  t i s s u e :
H & E 25X  m a g .
PLATE Liver of rat after four weeks diethylnitrosamine treatment.
Centrilobular glycogen loss. C.v., central vein; P.t., portal tract.
Fixed tissue: PAS 25X mag.
glycogen  lo s s  v a r ie d , from a band of c e l l s  about th r e e  c e l l s  th ic k  
round th e  c e n t r a l  v e in s  o f one anim al to  a  few i s o la te d  c e l l s  around 
th e  c e n tr a l  v e in  in  th e  o th e r  th re e  an im als (P la te  2 .^ ) .  No ex cessiv e  
d e p o s it io n  of f a t  was observed  in  th e  l i v e r s  o f t r e a t e d  r a t s  (P la te  2 .5 )  •
A few i s o la te d  c e l l s  in  th e  c e n t r i lo b u la r  a re a s  were pykno tic  and 
m ito t ic  f ig u r e s  were o c c a s io n a lly  seen (P la te  2 .6 . ) .
F or th e  f i r s t  fo u r  weeks th e  m acroscopic appearance o f th e  l i v e r  
was normal b u t by s ix  weeks th e  su rfa ce  of th e  l i v e r  had a q u ire d  a  
'g r a in y ' ap p ea ran ce , due to  th e  m u ltip le  sm all in d e n ta tio n s ,th o u g h  i t  
was o th erw ise  unchanged.
H is to lo g ic a l ly  v a r io u s  changes occu rred  a t  s ix  weeks. In  h a l f  
o f th e  an im als th e re  was an in c re a s e  in  th e  number of ' p l a n t \  c e l l s  
which o ccu rred  in  zone 2 a s  w e ll a s  zone 1. In  one of th e  fo u r  an im als 
th e re  was a  fo c u s  o f c e l l s  w ith  la rg e  g ly co g en -sto rag e  vacuo les  and 
c e l l s  undergoing hydrop ic  d e g en e ra tio n  (P la te  2 .7)*  In  t h i s  fo cu s  
m ito t ic  f ig u r e s  were p re s e n t and some e n la rg ed  n u c le i  could  be seen .
Some of th e  c e l l s  in  th e  fo c u s  gave a  very  p o s i t iv e  PAS re a c t io n ,  
o th e rs  'appeared  to  have reduced  glycogen c o n te n t. G en era lly , th e  
g lycogen co n ten t of th e  h ep a to cy te s  o f th e  t r e a t e d  an im als was 
reduced  s l i g h t ly  w ith  more marked re d u c tio n  in  a  few c e l l s  around some 
c e n t r a l  v e in s  (P la te  2 .8 ) .
There was an  in c re a s e  in  f ib r o u s  t i s s u e  around th e  p o r ta l  t r a c t s  
in  h a l f  of th e  an im als  and th e  b i l e  d u c ts  became more prom inent (P la te  
2 .9 ) •  E n larged  n u c le i  cou ld  be seen  o c c a s io n a lly  in  h ep a to cy te s  in  
zone 3 , and m ito t ic  f ig u r e s ,  randomly d i s t r ib u te d  th roughou t th e  t i s s u e  
were more common th a n  norm al. In c re a se d  f a t  d e p o s its  in  zones 1 and 2 
o ccu rred  in  one an im al (P la te  2 .10) b u t th e  o th e r  th re e  an im als had 
norm al amounts.
By e ig h t weeks th e  su rfa c e  o f th e  l i v e r  had become more uneven, 
w ith  la r g e r ,  m u ltip le  in v a g in a tio n s . F ib r o s is  was a p p a ren t, b u t w ith o u t 
g ro ss  d is tu rb a n c e  o f th e  a r c h i te c tu r e ,  in  most of th e  an im als . In- one 
o f th e  fo u r  an im als  th e  f i b r o s i s  had in c re a s e d  to  such an e x te n t t h a t  
th e  normal l i v e r  a r c h i te c tu r e  was d is tu rb e d  and th e  l i v e r  was- c i r r h o t i c  
(P la te  2 .1 1 ) . The nodules so-form ed v a r ie d  i n  c e l l - ty p e ;  some c o n ta in ed  
g ly co g en -s to rag e  c e l l s ,  o th e rs  e o s in o p h i lic  o r  sm all and b a s o p h il ic  c e l l s .  
B ile  duc t p r o l i f e r a t i o n  was ev id en t in  s e v e ra l  a re a s .  Some la rg e  a n d /o r
PLATE 2.5 Liver of rat after four weeks diethylnitrosamine treatment
No excessive fat deposition. Fixed tissue: 0R0 25X mag.
PLATE 2.6 Liver of rat after four weeks diethylnitrosamine treatment
Evidence of cytotoxicity and regeneration. P., pyknosis: m., mitosis.
Fixed tissue: H & E 100X mag.
PLATE 2 .7  F o c u s  o f  ’ P la n t*  a n d  h y d r o p ic  c e l l s  i n  l i v e r  o f  r a t  a f t e r
s i x  w eek s  t r e a t m e n t  w i t h  d i e t h y l n i t r o s a m i n e . F ix e d  t i s s u e :  H & E 100X m ag.
PLATE 2 . 8  L iv e r  o f  r a t  a f t e r  s i x  w eek s  o f  d i e t h y l n i t r o s a m i n e  t r e a t m e n t .
L o s s  o f  g ly c o g e n  c e n t r i l o b u l a r l y . G . v . , c e n t r a l  v e i n .  F ix e d  t i s s u e :
PAS 25X m ag.
PLATE 2.9 Liver of rat treated with diethylnitrosamine for six weeks.
Bile ducts becoming more prominent. Fixed tissue: H & E 40 X mag.
PLATE 2.10 Liver of rat treated with diethylnitrosamine for six weeks.
Increased fat deposition in zones 1 and 2. P.t., portal tract: G.v.,
central vein. Fixed tissue: 0R0 25X mag.
PLATE 2 . 1 1 .  L i v e r  o f  r a t  r e c e i v i n g  d i e t h y l n i t r o s a m i n e  f o r  e i g h t  w e e k s .  
C i r r h o s i s  d e v e l o p i n g .  F i x e d  t i s s u e :  H & E 2 5 X  m a g .i
PLATE 2 . 1 2  M i t o t i c  f i g u r e s  o b s e r v e d  i n  c i z r h o t i c  l i v e r  s h o w n  i n  P l a t e  
2 . 1 1 .  F i x e d  t i s s u e :  H & E 4 0 0 X  m a g .
hyperchrom atic  n u c le i ,  some 'em pty ' look ing  n u c le i  and s e v e ra l  m ito tic  
n u c le i  could  be seen  (P la te  2 .1 2 ) .  Most of th e  nodules gave a  p o s i t iv e ,  
i f  s l ig h t ly .r e d u c e d , PAS r e a c t io n  b u t some e o s in o p h ilic  nodules were 
d e f ic ie n t  (P la te  2 .13)* F a t accum ulation  was observed in  some of th e  
nodules and a lo n g  many o f th e  bands of f ib ro u s  t i s s u e  (P la te  2.14-).
I n  o th e r  an im als a t  t h i s  t im e -p o in t , where th e  n o d u la r i ty  was 
l e s s  marked, some b i l e  duct p r o l i f e r a t i o n  could  be seen . F o c i of 
e n la rg ed  'p l a n t '  c e l l s  o r  'c l e a r '  c e l l s  (Bannasch, 1968) were p r e f e r e n t i a l l y  
lo c a te d  in  zones 1 and 2 . In  th e  c e n tr i lo b u la r  re g io n s  some e o s in o p h il ic  
c e l l s  and c e l l s  w ith  en la rg ed  n u c le i  were observed . A few i s o la t e d  
p y k n o tic  c e l l s  o ccu rred , m ostly  in  th e  c e n t r i lo b u la r  a re a . There 
were s e v e ra l  m ito t ic  f ig u r e s  s c a t te r e d  th roughou t th e  t i s s u e .  Glycogen 
d e p o s its  appeared  red u ced  g e n e ra l ly  and p a r t i c u la r ly  around th e  c e n tr a l  
v e in s .
A f te r  te n  weeks of d ie th y ln itro sa m in e  t r e a tm e n t  th e  su rfa c e  of 
th e  l i v e r  was covered  in  numerous nodules about 2 -  ^  mm in  d iam ete r , 
many o f them p a le -c o lo u re d . Some sm all c y s ts  were a ls o  ev id en t on 
th e  su rfa c e  and th e  l i v e r  was h a rd e r  in  te x tu re  th a n  norm al. The 
p o s te r io r  r i g h t  l a t e r a l  lobe  was th e  most n o d u la r, th e  a n te r io r  r i g h t  
l a t e r a l  and cau d a te  lo b e s  being  s l i g h t ly  l e s s  n o d u la r, and th e  median 
and l e f t  lo b es  were th e  l e a s t  n o d u la r .
C ir rh o s is  was ap p aren t in  most of th e  t i s s u e  and th e re  was some 
b i l e  duc t p r o l i f e r a t i o n .  The c i r r h o s i s ,  l i k e  th e  m acroscopic n o d u la r i ty ,  
was most ev id en t in  th e  p o s te r io r  r i g h t  l a t e r a l  lo b e . In  th e  c i r r h o t i c  
a re a s  th e  h ep a to cy te s  were a p p a re n tly  no t a rran g ed  in  cords b u t ap p eared  
a s  an amorphous mass. In  some n o n -c ir r h o t ic  a re a s  cords were observed , 
to g e th e r  w ith  d i l a t e d  s in u so id s .. F o c i and nodules o f c le a r  c e l l s ,  
hydrop ic  c e l l s ,  e o s in o p h il ic  c e l l s  and sm all b a so p h il ic  c e l l s  made up 
most of th e  t i s s u e  w ith  only abou t 2%  o f th e  t i s s u e  be ing  composed of 
norm al-look ing  h e p a to c y te s  (P la te  2 .1 5 ) . Many o f th e  nodules were 
h y p e rp la s t ic ,  b u t th e  h y p e rp la s ia  was no t r e s t r i c t e d  to  any p a r t i c u l a r  
c e l l - ty p e  a lth o u g h  h e p a to c e l lu la r  carcinom as a re  though t to  a r i s e  
p r in c ip a l ly  from  th e  b a s o p h il ic  c e l l s  (S q u ire  and L e v i t t ,  1975)•
Abnormal m ito ses  were seen  (P la te  2 .16) and v a rio u s  ty p e s  o f ab n o rm a lity  
occu rred  in  th e  n u c le i :  la rg e ,  hyperchrom atic  and ' empty' -lo o k in g  
(P la te  2 .1 7 ) . In  one o f th e  fo u r  an im als a  la rg e  h y p e rp la s t ic  nodule
PLATE 2.13 Glycogen has been lost in some of the nodules in the liver
shown in Plate 2.11. Fixed tissue: PAS 25X mag.
PLATE 2 . 1 4  H e a v y . f a t  d e p o s i t i o n  i n  so m e  o f  t h e  n o d u l e s  i n  t h e  l i v e r  
s h o w n  i n  P l a t e  2 . 1 1 .  F i x e d  t i s s u e :  0 R 0  2 5X  m a g .
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PLATE 2 . 1 5  L i v e r  o f  r a t  t r e a t e d  f o r  t e n  w e e k s  w i t h  d i e t h y l n i t r o s a m i n e .  
M o s t  o f  t h e  t i s s u e  i s  a b n o r m a l  a n d  n o d u l a r .  F i x e d  t i s s u e :  H & E 2 5X  m a g .
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PLATE 2 . 1 6  L i v e r  o f  r a t  a f t e r  t e n  w e e k s  d i e t h y l n i t r o s a m i n e  t r e a t m e n t .  
A b n o r m a l m i t o s e s .  F i x e d  t i s s u e :  H & E 4 0 0 X  m a g .
PLATE 2 . 1 7  L i v e r  o f  r a t  t r e a t e d  f o r  t e n  w e e k s  w i t h  d i e t h y l n i t r o s a m i n e .  
E n l a r g e d  n u c l e i  w i t h  p r o m i n e n t  n u c l e o l i  a n d  h y p e r c h r o m a t i c  m a r g i n s :  
’ e m p t y '  l o o k i n g .  F i x e d  t i s s u e :  H & E ^OOX m a g .
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PLATE 2.18 Preneoplastic nodule containing clear cells and compressing
the surrounding tissue, in liver of rat treated for ten weeks with
diethylnitrosamine. Fixed tissue: H & E 25X mag.
composed of en la rg ed  'c l e a r '  c e l l s  and sm a lle r  f a t- lo a d e d  c e l l s ,  which 
was com pressing th e  su rro u n d in g  t i s s u e ,  was p robab ly  p re n e o p la s tic  
( P la te s  2 .1 8 , 2 .1 9 ) .  Very l i t t l e  g lycogen was observed in  th e  c e l l s  
in  t h i s  nodule (P la te  2 .2 0 ) .  E lsew here in  t h i s  l i v e r ,  and in  th e  
l i v e r s  of th e  o th e r  an im a ls , th e  g lycogen co n ten t of th e  h ep a to cy tes  
was reduced , p a r t i c u l a r ly  in  th e  h y p e rp la s t ic  a re a s  and th e  hydropic  
and 'c l e a r '  c e l l  f o c i .  I t  was f r e q u e n tly  d i f f i c u l t  to  d is t in g u is h  
betw een en la rg ed  'p l a n t '  c e l l s  o r 'c l e a r '  c e l l s  and c e l l s  undergoing  
hydrop ic  d eg en e ra tio n , so th e  reduced  PAS re a c t io n  seen in  th e  hydrop ic  
o r  'c l e a r '  c e l l s  may r e p re s e n t  e i t h e r  a  t r u e  glycogen d e p le t io n  o r  th e  
le a c h in g  out of ex ce ss iv e  glycogen s to r e s  d u rin g  f ix a t io n  and p ro c e ss in g .
A f u r th e r  week o f tre a tm e n t w ith  d ie th y ln itro sa m in e  caused  an. 
in c re a s e  in  o v e ra l l  l i v e r  s iz e  and n o d u la r ity  (P la te  2 .21) w ith  th e  
n odu les becoming in c re a s in g ly  more h y p e rp la s t ic .  The c e l l u l a r  changes 
were much th e  same a s  a t  th e  ten-w eek  s ta g e .
I f  th e  carc inogen  a d m in is tra t io n  was s tppped  a f t e r  e lev en  weeks 
and th e  an im als examined one week l a t e r  th e n  much of th e  f i b r o s i s  
r e g re s s e s .  However, a  few h y p e rp la s t ic  .nodules rem ain , some p robab ly  
re p re s e n tin g  sm all h e p a to c e l lu la r  carcinom as (P la te  2 .2 2 ) .
I n  th e  p re lim in a ry  c a rc in o g e n e s is  experim ent r e f e r r e d  to  above 
th e  d ie th y ln itro sa m in e  tre a tm e n t was p ro longed . Some an im als became 
m oribund betw een t h i r t e e n  and fo u r te e n  weeks a f t e r  th e  beg inn ing  of 
th e  tre a tm e n t b u t th e  m a jo rity  d id  n o t’ become moribund u n t i l  f i f t e e n  to  
s ix te e n  weeks o f tre a tm e n t. A ll th e  an im als a t  t h i s  s tag e  had la rg e  
m u ltip le  l i v e r  tum ours, o f te n  w ith  f r e e - f lo a t in g  in t r a p e r i to n e a l  
m e ta s ta se s , and in  one case  a  lung  m e ta s ta s is  was found (P la te  2 .2 3 )•
The tumours were m ostly  composed o f sm all b a so p h il ic  c e l l s  w ith  a  h igh  
n u c le a r /c y to p la sm ic  r a t i o .  Tumours o f te n  a ro se  in  a s s o c ia t io n  w ith  
b i l e  duc t p r o l i f e r a t i o n  (P la te  2 .24 ) and f r e q u e n tly  th e y  were undergoing  
haem orrhagic n e c ro s is  a t  th e  c e n tre  o f th e  t i s s u e .  The tumour c e l l s  
were d e f ic ie n t  in  glycogen (P la te  2 .2 5 ) .  There were in  a d d i t io n  to . th e  
b a s o p h il ic  c e l l s ,  a re a s  o f l i v e r  composed of e o s in o p h i l ic  c e l l s  which 
a ls o  had g r e a t ly  reduced  glycogen c o n te n t. Some a re a s  of 'c l e a r '  c e l l s  
cou ld  a ls o  be seen  (P la te  2 .2 6 ) .  The e o s in o p h i l ic  c e l l s  were sometimes 
a rran g ed  in  co rds which were o n e-, tw o- o r more c e l l s  th ic k  w ith  d i l a t e d  
s in u so id s , o r a rran g ed  in  i s la n d s  o f c e l l s .  Many n u c le a r  changes were 
observed: th e re  were la rg e  and abnorm ally  shaped n u c le i ;  hyperchrom atic
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PLATE 2 . 1 9  S a m e t i s s u e  a s  P l a t e  2 . 1 8 .  H e a v y  f a t  d e p o s i t i o n .  
F i x e d  t i s s u e :  0R 0  2 5 X  m a g .
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PLATE 2 . 2 0  S am e t i s s u e  a s  P l a t e  2 . 1 8 .  G l y c o g e n  d e p l e t i o n .  
F i x e d  t i s s u e :  PAS 2 5 X  m a g .
PLATE 2 . 2 1  G r o s s  m o r p h o l o g y  o f  l i v e r  t a k e n  f r o m  a  r a t  t r e a t e d  w i t h  
d i e t h y l n i t r o s a m i n e  f o r  e l e v e n  w e e k s .
PLATE 2.22 Liver of rat treated for eleven weeks with diethylnitrosamine
followed by a further week with no treatment. Small hepatocellular
carcinoma composed largely of clear cells. Fixed tissue: H & E 25X mag.
a ) 2  5X m a g .
b )  ^OOX m a g . s h o w i n g  n u m e r o u s  m i t o s e s
PLATE 2 . 2 3  L u n g  m e t a s t a s i s  f r o m  h e p a t o c e l l u l a r  c a r c i n o m a  a r i s i n g  i n  
a  r a t  a f t e r  f i f t e e n  w e e k s  o f  d i e t h y l n i t r o s a m i n e  t r e a t m e n t .
F i x e d  t i s s u e :  H & E .
PLATE 2.2^4- H e p a t o c e l l u l a r  c a r c i n o m a ,  c o m p o s e d  o f  b a s o p h i l i c  h e p a t o c y t e s ,  
a r i s i n g  i n  a s s o c i a t i o n  w i t h  b i l e  d u c t  p r o l i f e r a t i o n  i n  l i v e r  o f  r a t  
t r e a t e d  f o r  f i f t e e n  w e e k s  w i t h  d i e t h y l n i t r o s a m i n e .  F i x e d  t i s s u e :  H & E 
1 0 0 X  m a g .
PLATE 2 . 2 5  H e p a t o c e l l u l a r  c a r c i n o m a  i n  r a t  t r e a t e d  w i t h  d i e t h y l n i t r o s a m i n e  
f o r  f i f t e e n  w e e k s ,  l a r g e l y  d e f i c i e n t  i n  g l y c o g e n .  F i x e d  t i s s u e :  PA S ^OX m ag
Ill
\
PLATE 2 . 2 6  H e p a t o c e l l u l a r  c a r c i n o m a  i n  r a t  t r e a t e d  w i t h  d i e t h y l n i t r o s a m i n e  
f o r  f i f t e e n  w e e k s .  A r e a  o f  e o s i n o p h i l i c  a n d  c l e a r  c e l l s .
F i x e d  t i s s u e :  H & E 1 0 0 X  m a g .
n u c le i ;  and ' empty1-lo o k in g  n u c le i  o f te n  w ith  -p rom inen t,m ultip le  
n u c le o l i .  M ito t ic  f ig u r e s  were f r e q u e n tly  observed . Some f a t t y  a re a s  
cou ld  be seen b u t th e se  were no t u s u a lly  a s s o c ia te d  w ith  th e  b a so p h il ic  
c e l l s .
In  summary th e re  were s e v e ra l  changes in  th e  l i v e r  induced  by 
ch ro n ic  d ie th y ln itro sa m in e  a d m in is tra t io n . There was an in c re a se  in  
cy top lasm ic  e o s in o p h i l ia  and d ecrease  in  g lycogen co n ten t c e n t r i lo b u la r ly ,  
which v a r ie d  in  e x te n t from  one anim al to  a n o th e r . T his r e f l e c te d  th e  
to x i c i t y  of th e  tre a tm e n t and o c c a s io n a lly  a  few p y k n o tic  c e l l s  could  
be seen  n ea r th e  c e n tr a l  v e in s . M itoses occu rred , s c a t te r e d  th roughou t 
th e  t i s s u e  w ith  no obvious lo b u la r  lo c a t io n .  F ib r o s is  developed to  
a  va ry in g  e x te n t ran g in g  from  s l i g h t  f i b r o s i s  around th e  v e s s e ls  to  
c i r r h o s i s .  B i le  duct p r o l i f e r a t i o n  was common among th e  more f i b r o t i c  
l i v e r s .  V arious ty p e s  of c e l l u l a r  a ty p ia  a ro se : 'p l a n t '  c e l l s  in c re a se d  
and appeared  to  develop in to  e i t h e r  c le a r  c e l l s  o r c e l l s  undergoing 
hyd rop ic  d e g e n e ra tio n ; e o s in p h i l ic  c e l l s  and sm all, b a so p h il ic  c e l l s .
Some la rg e  a n d /o r  hyperchrom atic  n u c le i  developed and many n u c le i  had 
an .'em pty ' ap pearance , w ith  prom inent n u c le o l i .  F a t accum ulation  was 
n o ted  in  th e  h y p e rp la s t ic  and (p re )  n e o p la s t ic  n o d u les, developing  
a f t e r  e ig h t weeks of tre a tm e n t, b u t t h i s  was no t seen  in  th e  f i n a l  
tum ours, composed o f sm all b a s o p h il ic  c e l l s .
✓
3 .2 .3#  Enzyme H is to ch em is try  o f th e  L 'iver During D ie th y ln itro sa m in e -  
induced  H epato carc in o g en esis
L iv e r  t i s s u e  was examined h is to c h e m ic a lly  a f t e r  s ix  and te n  weeks 
o f d ie th y ln itro sa m in e  tre a tm e n t. There was l i t t l e  d if f e re n c e  in  th e  
a c t i v i t i e s  of g lu co se  6-phosphate  dehydrogenase and g lu tam ate  dehydro­
genase between t r e a te d  and c o n tro l  r a t s  a t  s ix  weeks ( P la te s  2 .27 and 
2 .2 8 ; c . f .  P la te s  1 .8  and 1 .1 0 ) . There was, however, a  n o tic e a b le  
re d u c tio n  in  g lu co se  6-p h o sp h a tase , p a r t i c u l a r ly  c e n t r i lo b u la r ly ,  where 
g lycogen was d e p le te d  (P la te  2 .29)#
H istochem ica l a n a ly s is  o f a  p re n e o p la s t ic  nodule in  t h e . l i v e r  of 
a  r a t  t r e a t e d  f o r  te n  weeks showed a very  marked in c re a se  in  g lu co se  6 -  
phosphate dehydrogenase (P la te  2 .30 ) an in c re a se  in  m alic  enzyme a c t i v i t y  
(P la te  2 . 3 l ) » a  re d u c tio n  in  g lu tam ate  dehydrogenase (P la te  2 .3 2 ) and
PLATE 2 . 2 7  L i v e r  o f  r a t  t r e a t e d  w i t h  d i e t h y l n i t r o s a m i n e  f o r  s i x  w e e k s .
N o o b v i o u s  e f f e c t  o n  g l u c o s e  6 - p h o s p h a t e  d e h y d r o g e n a s e  a c t i v i t y .  ^-OX m a g .
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PLATE 2.28 Liver of rat after six weeks diethylnitrosamine treatment.
Glutamate dehydrogenase activity similar to control. ^OX mag.
X x*+
PLATE 2 . 2 9  G l u c o s e  6 - p h o s p h a t a s e  d e p l e t i o n ,  e s p e c i a l l y  c e n t r i l o b u l a r l y  
i n  l i v e r  o f  r a t  t r e a t e d  f o r  s i x  w e e k s  w i t h  d i e t h y l n i t r o s a m i n e .  P . t . ,  
p o r t a l  t r a c t :  C . v . ,  c e n t r a l  v e i n .  4 0 X  m a g .
PLATE 2 . 3 0  P r e n e o p l a s t i c  n o d u l e  i n  r a t  l i v e r  a f t e r  t e n  w e e k s  d i e t h y l ­
n i t r o s a m i n e  t r e a t m e n t  s h o w in g  g r e a t l y  e l e v a t e d  g l u c o s e  6 - p h o s p h a t e  
d e h y d r o g e n a s e . ^ 0X m a g .
PLATE 2 . 3 1  S a m e t i s s u e  a s  P l a t e  2 . 3 0 *  T h e  n o d u l e ,  N , h a s  i n c r e a s e d  
m a l i c  e n z y m e  a c t i v i t y .  4 0 X  m a g .
PLATE 2 . 3 2  S am e t i s s u e  a s  P l a t e  2 * 3 0 .  T h e  n o d u l e ,  N , h a s  d e c r e a s e d  
g l u t a m a t e  d e h y d r o g e n a s e  a c t i v i t y .  ^ 0X m a g .
a v i r t u a l  absence o f g lu co se  6 -phosphatase  in  th e  nodule (P la te  2.33)* 
The nodule was composed of en la rg ed  c e l l s  w ith  en la rg ed  n u c le i ,  some 
o f which were undergoing  m ito s is  (P la te  2.3*0 • The nodule was s im ila r  
to  th a t  shown in  P la te s  2 .18  to  2 .2 0 .
3 .2 'k ,  Changes in  L iv e r  Weight During D ie th y ln itro sam in e -in d u ced  
H ep a to carc in o g en esis
The changes in  l i v e r  w eight r e l a t i v e  to  body s iz e  d u ring  d ie th y l ­
n itro sa m in e  tre a tm e n t a re  shown in  f ig u r e  3 * 2 .1 . The l i v e r  s iz e  
d ecreased  in  r e l a t i o n  to  body w eight d u ring  th e  f i r s t  e ig h t weeks. 
However, a s  th e  an im als  were s t i l l  growing a t  t h i s  tim e , i t  d id  no t 
re p re s e n t  a c tu a l  t i s s u e  lo s s  b u t r a th e r  an in h ib i t io n  o f growth f o r  th e  
f i r s t  fo u r  weeks. There may have been some t i s s u e  lo s s  between fo u r  
and e ig h t weeks. The d ecrease  in  r e l a t i v e  l i v e r  w eight presum ably 
r e f l e c t s  th e  h e p a to to x ic i ty  o f d ie th y ln itro sa m in e . The l i v e r  began to  
in c re a s e  in  s iz e  a f t e r  e ig h t weeks and t h i s  was a s s o c ia te d  w ith  an 
in c re a s e d  number of m ito se s . F o c i of c e l l s  loaded  w ith  glycogen a ls o  
appeared  a t  t h i s  tim e and t h i s  may have c o n tr ib u te d  to  th e  in c re a s e  in  
l i v e r  w eigh t.
The in c re a s e  in  h y p e rp la s ia  seen a t  te n  weeks was r e f l e c te d  in  
a  r a p id  in c re a s e  in  l i v e r  s iz e  between te n  and e leven  weeks. The 
grow th du rin g  t h i s  p e r io d  r e s u l te d  in  "the r e l a t i v e  l i v e r  w eight o f th e  
an im als  t r e a t e d  f o r  e lev en  weeks being  g r e a te r  th a n  c o n tro l v a lu e s .
From th e  d a ta  o b ta in e d  in  th e  i n i t i a l  c a rc in o g e n e s is  experim ent, th e  
r e l a t i v e  l i v e r  s iz e  co n tin u ed  to  in c re a s e  so t h a t  i t  was n e a r ly  h a l f  
a s  much ag a in  a s  th e  normal r e l a t i v e  l i v e r  w eigh t.
3 .2 .5*  Enzyme Changes During D ie th y ln itro sa m in e -in d u c ed  H epato- 
carcinogene s i  s
The changes in  th e  enzyme a c t i v i t i e s  d u rin g  d ie th y ln itro sa m in e  
a d m in is tra t io n  a re  shown in  Table 3 * 2 .1 . The a c t i v i t i e s  of th e  enzymes 
ex p ressed  a s  n o rm alised  l i v e r  u n i t s ,  a f t e r  com parison w ith  c o n tro l  
an im als a ssay ed  a t  th e  same tim e , a re  shown in  F ig u re  3 * 2 .2 .( i  -  i x ) .
A f te r  two weeks of carcinogen  tre a tm e n t th e re  was a  re d u c tio n  in
PLATE 2 . 3 3  S am e t i s s u e  a s  P l a t e  2 . 3 0 .  T h e  n o d u l e ,  N ,  h a s  g r e a t l y  
r e d u c e d  g l u c o s e  6 - p h o s p h a t a s e  a c t i v i t y .  ^ 0X m a g .
PLATE 2 . 3 ^  M i t o s e s  a n d  e n l a r g e d  c e l l s  a n d  n u c l e i  i n  t h e  n o d u l e ,  N ,  
s h o w n  i n  P l a t e s  2 . 3 0  -  2 . 3 3 *
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F ig u re  3*2.2 Changes in  Enzyme A c t iv i t i e s  D uring D ie th y ln itro sa m in e -
Induced H epato carc in o g en esis  Compared to  R eversed 
D iff  e r e n t ia t io n
L e f t  hand graph:
E rro r  h a rs  r e p re s e n t  mean ± SEM. F ig u re s  on a b sc is s a  r e p re s e n t  
th e  number o f weeks o f d ie th y ln itro sa m in e  tre a tm e n t. C losed c i r c l e s ,  
s o l id  l i n e  r e p re s e n t  u n i t s /g  l i v e r  ex p ressed  in  l i v e r  u n i t s  (L .U .) j 
open c i r c l e s ,  broken l i n e  r e p re s e n t  un its/lO O g body w eight con v erted  
to  L.U.
R ig h t hand g raph :
A r e v e r s a l  o f f ig u r e  3*1*2 ( i  -  ix )  v e r t i c a l  s c a le  same a s  l e f t  
hand g ra p h fu /^  liu ex ).
( i )  TK; Thymidine k in a se
( i i )  HK; Hexokinase
( i i i )  G6PDH; Glucose 6 -phosphate  dehydrogenase
( iv )  GDH; G lutam ate dehydrogenase
(v ) AAT; A sp a rta te  a m in o tra n s fe ra se
( v i )  G6Pase; G lucose 6 -phosphatase
( v i i )  PEPCK; Phosphoenolpyruvate carboxykinase
( v i i i )  GK; G lucokinase
( ix )  M alic ; M alic enzyme
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a l l  th e  enzymes, excep t f o r  hexokinase and thym dine k in a se . These 
changes were n o t s ig n i f ic a n t  a t  th e  95% confidence le v e l ,  though th e  
re d u c tio n  in  g lu tam ate  dehydrogenase and g lu co se  6 -phosphatase  were 
s ig n i f ic a n t  a t  th e  90% l e v e l .
Thymidine k in a se  and hexokinase a c t i v i t i e s  con tinued  to  in c re a s e , 
and th e  a c t i v i t i e s  of th e  o th e r  enzymes to  d e c rea se , w ith  a  f u r th e r  two 
weeks o f tre a tm e n t. At t h i s  four-w eek s tag e  th e  in c re a se  in  thym idine 
k in a se  and d ecrea se  in  g lu co k in ase  were s ig n i f i c a n t .
By s ix  weeks a f t e r  th e  s t a r t  o f th e  carc inogen  tre a tm e n t, th e  
re d u c tio n s  in  g lu co se  6 -p h o sp h a tase , phosphoenolpyruvate carboxykinase 
and g lu co k in ase  were s ig n i f i c a n t ,  a s  was th e  e le v a tio n  o f thym idine 
k in a s e .
The p a t te r n  o f enzyme changes a l t e r e d  a f t e r  e ig h t weeks o f t r e a t ­
m ent. G lucose 6 -phosphate  dehydrogenase and m alic  enzyme had s ig n i f i c a n t ly  
e le v a te d  a c t i v i t i e s  r a th e r  th a n  reduced  a c t i v i t i e s  (F ig u re  3 * 2 .2 . iv ,  v i ) . 
T h is  co in c id ed  w ith  th e  more pronounced h is to lo g ic a l  changes in c lu d in g  
in c re a se d  f a t  d e p o s it io n . The e le v a tio n  o f hexokinase and th e  re d u c tio n  
o f g lucose  6 -p h o sp h a tase , phosphoenolpyruvate carboxykinase and g lu co ­
k in a se  were a l l  s ig n i f ic a n t  a t  t h i s  s ta g e . A lthough g lu tam ate  dehydro­
genase and a s p a r ta te  am in o tra n s fe ra se  were reduced  in  a c t i v i t y ,  t h i s  
was no t s t a t i s t i c a l l y  s ig n i f i c a n t .
The t r e n d  o f th e  changes in  enzyme a c t i v i t i e s  found a t  e ig h t  weeks 
co n tin u ed  th ro u g h o u t th e  d u ra tio n  o f th e  r e s t  o f th e  experim en t, and 
a  s im i la r  p a t te r n  was found in  th e  i n i t i a l  c a rc in o g e n e s is  experim en t, 
i n  th e  l i v e r  o f r a t s  t r e a t e d  f o r  f i f t e e n  weeks, m alic  enzyme, a lth o u g h  
rem ain ing  in c re a s e d  i n  a c t i v i t y  a f t e r  more th a n  e ig h t weeks of t r e a t ­
ment was n o t s ig n i f i c a n t ly  d i f f e r e n t  from c o n tro ls ,  however. S o lub le  
p r o te in  co n ten t was unchanged th roughou t th e  experim ent (d a ta  n o t shown).
The changes observed  h is to c h e m ic a lly  in  th e  nodules ag ree  w e ll 
w ith  th e  changes in  enzyme a c t i v i t y  seen  in  th e  b iochem ical exam ination  
o f whole l i v e r .  I t  i s  l i k e l y  th e re fo re  t h a t  th e  changes observed  
b io ch em ica lly  re p re s e n t  changes in  th e  nodu les them selv es . The changes 
i n  th e  nodules a re  p robab ly  g r e a te r  th a n  th o se  observed  in  whole 
l i v e r s  because of t i s s u e  d i lu t io n  e f f e c t s .
In  o rd e r  to  compare th e se  changes in  enzyme a c t i v i t i e s  w ith  
th o se  changes o c cu rrin g  d u rin g  normal d i f f e r e n t i a t i o n  two approaches 
have been made.
F i r s t l y ,  by comparing changes in  each in d iv id u a l  enzyme d u ring  
d ie th y ln itro sa m in e  a d m in is tra t io n  (F ig u re  3*2 .2 . i  -  ix )  w ith  th e  
changes observed  in  th e  same enzyme d u ring  developm ent (F ig u re  3*1*2* 
i  -  i x ) . I f  th e re  i s  a  r e t r © d i f f e r e n t ia t io n  o f ex p ress io n  o f enzyme 
a c t i v i t y  th e  changes observed  in  th e  c a rc in o g e n e s is  experim ent should  
be s im ila r  to  a r e v e r s a l  o f th o se  changes ta k in g  p lace  d u ring  develop­
ment. £ To f a c i l i t a t e  t h i s  com parison F ig u re s  3*1*2 ( i  -  ix )  have 
been redraw n, i n  r e v e r s e ,  a d ja c e n t to  F ig u re  3 * 2 .2 . ( i  -  i x ) ]
By comparing th e  r e s u l t s  in  t h i s  way i t  can be seen  t h a t  a  c e r ta in  
q u a l i t a t iv e  b u t n o t n e c e s s a r i ly  q u a n t i ta t iv e ,  s im i la r i ty  e x i s t s  
betw een th e  p a t te r n  o f e x p re ss io n  d u rin g  c a rc in o g e n e s is  and a r e v e r s a l  
o f normal d i f f e r e n t i a t i o n  f o r  th e  fo llo w in g  enzymes: thym idine k in a se ; 
hexokinase; g lu c o k in a se ; g lu tam ate  dehydrogenase and g lucose  6-phosphate  
dehydrogenase. The changes observed  in  th e  a c t i v i t i e s  o f a s p a r ta te  
a m in o tra n s fe ra se  and p a r t i c u l a r ly  g lu co se  6 -phosphatase  and phospho­
en o lp y ru v a te  carboxykinase d u rin g  c a rc in o g e n e s is  bo re  l i t t l e  resem blence 
to  a r e v e r s a l  o f d i f f e r e n t i a t i o n  and f o r  m alic  enzyme th e  p a t te r n  o f 
ex p re ss io n  d u rin g  c a rc in o g e n e s is  was th e  o p p o s ite  o f t h a t  expected  from 
a  r e v e r s a l  of d i f f e r e n t i a t i o n .
3 .2 .6 .  C o r re la t io n  A n a ly sis  o f th e  Enzyme D ata
The second approach  i s  by a s t a t i s t i c a l  a n a ly s is  of th e  r e s u l t s  
u s in g  Spearm an's ran k  c o r r e la t io n  a n a ly s is ,  th e  p r in c ip le  and a p p l ic a t io n s  
o f which have been d e sc r ib e d  by Knox (1976). B r ie f ly ,  th e  a c t i v i t i e s  
o f  th e  enzymes in  L iv e r  U n its  a re  ranked  f o r  each developm ental s ta g e  
and each  s tag e  o f c a rc in o g e n e s is , th e  ran k  c o r r e la t io n  c o e f f ic ie n t  (Rs) 
and S tu d en ts  t - v a lu e s  be in g  c a lc u la te d  a s  fo llo w s :
6 d2
Rs 1 (n-l)n(n+l)
t  = Rx f  ~ r = is 2 d -f - = n"2
where d i s  th e  d if f e r e n c e  in  ran k  of each o b se rv a tio n  between th e  two 
s i tu a t io n s  ( d i f f e r e n t i a t i o n  and developm ent) and n i s  th e  num ber.of 
o b s e rv a tio n s .
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The r e s u l t s  o b ta in e d  from  a  com parison of th e  p r o f i l e  of enzyme 
a c t i v i t i e s  a t  s ta g e s  du rin g  d i f f e r e n t i a t i o n  and d ie th y ln itro sa m in e -  
induced  h ep a to c a rc in o g en e s is  a re  shown in  Table 3*2 .2 .
A fte r  two weeks d ie th y ln itro sa m in e  tre a tm e n t th e re  was no s ig n i f ic a n t  
c o r r e la t io n  w ith  any o f th e  s ta g e s  o f d i f f e r e n t i a t i o n ,  a lth o u g h  th e  
g r e a te s t  s im i la r i ty  was seen  w ith  th e  f iv e  day p o s t partum  s ta g e .
There was a  s ig n i f i c a n t  c o r r e la t io n  between th e  enzyme p r o f i l e  of 
w eanling  l i v e r  and t h a t  of th e  l i v e r  o f an im als re c e iv in g  d ie th y ln i t r o ­
samine f o r  fo u r  weeks. A c o r r e la t io n  between th e  enzyme p r o f i l e  of 
an im als  t r e a te d  f o r  fo u r  weeks and th a t  o f th e  f iv e -d a y  o ld  an im als was 
a ls o  s ig n i f ic a n t  (p < C 0 .l) . From s ix  weeks of d ie th y ln itro sa m in e  
tre a tm e n t onwards th e r e  was a  s ig n i f ic a n t  c o r r e la t io n  w ith  th e  f o e t a l  
l i v e r  enzyme p r o f i l e ,  and no s ig n i f ic a n t  c o r r e la t io n  w ith  enzyme p r o f i l e s  
a t  any o th e r  s ta g e  o f h e p a tic  d i f f e r e n t i a t i o n .
3>3> Tw o-stage D ie th y ln itro sam in e /P h en o b arb ito n e -in d u ced  H epatocarc ino -
G enesis
3 .3*1 . E xperim en ta l P ro to c o l
A study  was made of th e  changes o c cu rrin g  d u ring  th e  prom otion 
of c a r c in o g e n - in i t ia te d  tu m o rig en es is  by a n o n -ca rc in o g en ic  a g e n t. The 
aim was to  compare th e  changes observed  d u rin g  ch ro n ic  d ie th y ln itro sa m in e  
tre a tm e n t w ith  th o se  accompanying tre a tm e n t w ith  a  s h o r t- te rm  dose of 
d ie th y ln itro sa m in e  fo llo w ed  by th e  lo n g -te rm  a d m in is tra tio n  o f pheno- 
b a rb ito n e . I t  was t o  be hoped th a t  th o se  changes due to  th e  con tinuous 
in ta k e  o f d ie th y ln itro sa m in e  cou ld  th u s  be d is t in g u is h e d  from  th o se  
a s s o c ia te d  w ith  th e  ca rc in o g e n ic  p ro cess  p e r  S e.
Many in i t ia t io n - p ro m o tio n  s tu d ie s  w ith  l i v e r  a d d i t io n a l ly  in v o lv e  
p a r t i a l  hepatectom y which has th e  d isad v an tag e  o f in tro d u c in g  a n o th e r  
v a r ia b le .  F o r t h i s  re a so n  an im als  were t r e a t e d  a s  d e sc r ib e d  by K itagawa 
and Sugano (19 7 8 ). R ats  were d iv id e d  in to  th re e  groups: th o se  which 
re c e iv e d  d ie th y ln itro sa m in e  (0.01% in  th e  d r in k in g  w ater) f o r  one week 
and th e r e a f t e r  re c e iv e d  a d ie t  c o n ta in in g  0 . 05% phenobarb itone  (g r o u p .l ) ; /  
a  c o n tro l  group of an im als  which re c e iv e d  d ie th y ln itro sa m in e  (0.01% in  
th e  d r in k in g  w ater) and were g iv en  b a sa l d ie t  t h e r e a f t e r  (g roup 2 ) ; and 
a  second c o n tro l  group which was g iven  f r e s h  w ater and b a s a l  d i e t  f o r  
th r e e  weeks and t h e r e a f t e r  re c e iv e d  a  d ie t  co n ta in in g  0 . 05% phenobarb itoney  
(g roup 3)* The an im als  were tw e n ty -th re e  days o ld  a t  th e  s t a r t  o f th e  
ex p erim en t.
Animals were k i l l e d  a t  th e  end o f th e  f i r s t  week f o r  l i v e r  h is to lo g y  
and h is to c h e m is try . H is to lo g ic a l ,  h is to c h em ic a l and b iochem ica l exam ination  
o f th e  l i v e r s  o f an im als  from  each of th e  th r e e  groups were made a t  
e ig h t ,  s ix te e n , tw e n ty -fo u r  and th i r ty - tw o  weeks a f t e r  th e  s t a r t  of th e  
ex p erim en t.
3»3«2. Changes in  H is to lo g y  and H is to ch em is try  During th e  Experim ent
a ) A f te r  th e  F i r s t  Week
Animals which had re c e iv e d  d ie th y ln itro sa m in e  f o r  one week had a
reduced  number o f 'p la n t*  c e l l s  compared w ith  c o n tro l  an im als . The 
c e l l s  in  th e  c e n t r i lo b u la r  re g io n s  appeared  to  have p a le r  cytoplasm  
th a n  c o n tro ls  and some o f th e se  c e l l s  were v a cu o la te d . The vacuo les 
seen w ith  haem atoxylin  and e o s in  were p fobab ly  f a t  vacuo les a s  
s ta in in g  w ith  O il Red 0 was h e a v ie s t  around th e  c e n tr a l  v e in s . L ip id  
d e p o s it io n  was no t s ig n i f i c a n t ly  g r e a te r  in  th e  t r e a te d  t i s s u e  th an  
th e  c o n tro l t i s s u e s .
D esp ite  th e  re d u c tio n  in  th e  number o f p la n t  c e l l s ,  th e re  d id  
no t seem to  be a  s ig n i f ic a n t  d ec rease  in  g lycogen co n ten t in  th e  t r e a te d  
an im a ls . PAS s ta in in g  was c a r r ie d  ou t on u n fix e d  fro z e n  s e c t io n s  and 
th e  p e r ip o r t a l  re g io n s  were th e  most p o s i t iv e .
No fo c a l  lo s s  of g lu co se  6 -phosphatase  could  be seen in  th e  
t r e a t e d  a n im a ls , though th e re  may have been a  s l i g h t  re d u c tio n  o f 
a c t i v i t y  in  th e  c e n t r i lo b u la r  re g io n s . No d if f e r e n c e s  could  be seen  
in  th e  s ta in in g  f o r  g lu co se  6 -phosphate  dehydrogenase, g lu tam ate  
dehydrogenase and m alic  enzyme a c t i v i t i e s  betw een th e  two groups of 
an im a ls .
There were marked d if f e r e n c e s  in  th e  s ta in in g  f o r  -g lu tam y l-  
t ra n s p e p tid a s e  however. In  c o n tro l anim als t h i s  enzyme was r e s t r i c t e d  
to  b i l e  d u c tu le  c e l l s  (P la te  3* l)»  Tn th e  t r e a t e d  an im als s e v e ra l  f o c i  
o f X -g lu ta m y ltra n s p e p tid a s e -p o s it iv e  h ep a to cy te s  could  be seen  
a s s o c ia te d  w ith  v a sc u la r  a re a s  (P la te  3*2 ). I t  was no t p o s s ib le  to  
determ ine w hether th e  K -g lu ta m y ltra n sp e p tid a se -p o s itiv e  a re a s  were 
c e n tr i lo b u la r  o r  p e r ip o r ta l  because o f th e  low s ta in in g  in t e n s i t y .
However, ^ -g lu ta m y ltra n sp e p tid a se  a c t i v i t y  i s  o f te n  a s s o c ia te d  w ith  
c e l l  damage and s in c e  most o f th e  to x ic  e f f e c t  o f d ie th y ln itro sa m in e  
i s  m an ife s t in  th e  c e n t r i lo b u la r  a re a s  t h i s  m ight be th e  ex p ec ted  
lo c a l i s a t io n  o f 8 -g lu ta m y ltra n s p e p tid a se .
b) A f te r  E ig h t Weeks
C e n tr i lo b u la r  c e l l  en largem ent, a  c h a r a c te r i s t i c  of c h ro n ic  
p henobarb itone  a d m in is tra t io n , was seen  in  an im als in  bo th  groups 
1 and 3 (P la te  3*3)• Tn th e  f ix e d  t i s s u e  th e re  seemed to  be no d if f e r e n c e  
in  g lycogen d e p o s it io n  betw een th e  th re e  goups. L ip id  d e p o s it io n  was 
v a r ia b le  betw een an im als o f th e  same group and i t  was th e re fo re  im p o ssib le
PLATE 3.1 Control rat liver. &-glutamyltranspeptidase is restricted
to bile ducts. P.t.f portal tract. 25X mag.
PLATE 3 « 2  R a t  l i v e r  a f t e r  o n e  w e e k  o f  t r e a t m e n t  w i t h  d i e t h y l n i t r o s a m i n e .  
F o c i  o f  h e p a t o c y t e s  s t a i n i n g  f o r  S - g l u t a m y l t r a n s p e p t i d a s e . 2 5 X  m a g .
PLATE 3 . 3  L i v e r  o f  g r o u p  1 a n i m a l  a t  e i g h t  w e e k s .  C e n t r i l o b u l a r  c e l l  
e n l a r g e m e n t .  C . v . ,  c e n t r a l  v e i n :  P . t . ,  p o r t a l  t r a c t .  F i x e d  t i s s u e :
H & E 4 0 X  m a g .
PLATE 3 - ^  G l u c o s e  6 - p h o s p h a t a s e  a c t i v i t y  i n  l i v e r  o f  g r o u p  2  a n i m a l  
a t  e i g h t  w e e k s .  E s s e n t i a l l y  n o r m a l  d i s t r i b u t i o n .  C . v . ,  c e n t r a l  v e i n :  
P . t . ,  p o r t a l  t r a c t . ^OX m a g .
to  a t t r i b u t e  any e f f e c t  on l i p i d  d ep o stio n  to  any of th e  tre a tm e n ts .
In  th e  fro z e n  t i s s u e  however i t  appeared  th a t  th e  glycogen co n ten t was 
m arg in a lly  red u ced  in  groups 1 and 3 compared w ith  group 2, and th a t  
f a t  d ep o stio n  in  groups 1 and 3 was g r e a te r  th a n  in  group 2 (b e in g  h ig h e r 
in  th e  c e n t r i lo b u la r  re g io n s  th a n  th e  p e r ip o r ta l  o n e s ) .
In  b o th  groups 1 and 3 yth e  s ta in in g  f o r  g lucose  6 -phosphatase  
a c t i v i t y  was reduced  in  th e  c e n t r i lo b u la r  re g io n s , compared to  group 2.
In  group 2 th e  d if f e r e n c e  in  s ta in in g  between zones 1 and 3 was le s s  
obvious th a n  in  groups 1 and 3 ( P la te s  3*^» 3*5)* No d if fe re n c e  in
g lu tam ate  dehydrogenase, g lu co se  6 -phosphate  dehydrogenase and m alic
\
enzyme a c t i v i t i e s  cou ld  be d e te c te d  h is to c h e m ic a lly  between th e  g roups.
In  group 2 a n im a ls , tf-g lu ta m y ltra n sp e p tid a se  a c t i v i t y  found to  be lo c a te d  
e x c lu s iv e ly  in  th e  p o r ta l  t r a c t s  (P la te  3*6) bu t in  group 3 an im als 
(P la te  3*7) and , more f r e q u e n t ly ,  i n  group 1 an im als (P la te  3*8)
# -g lu ta m y ltra n sp e p tid a se  was found a p p a re n tly  in  n o n -p o r ta l a r e a s .
c) A f te r  S ix tee n  Weeks
A gain, c e n t r i lo b u la r  c e l l  enlargem ent was observed  in  groups 1 
and 3 , w ith  no change in  group 2 an im a ls . In  group 1 an im als some 
c e l l s ,  e s p e c ia l ly  th o se  in  zone 3> had a  waxy appearance and some 
were f in e ly  v a cu o la te d , a lth o u g h  no t a p p a re n tly  n e c r o t ic .  'P l a n t '  
c e l l s  were lo c a te d  p r e f e r e n t i a l l y  in  th e  p e r ip o r ta l  re g io n s  o f th e  
l i v e r s  of an im a ls  from  a l l  g roups and th e re  seemed l i t t l e  d if f e r e n c e  
in  th e  PAS r e a c t io n  between g roups.
In  s e c t io n s  o f u n fix ed  f ro z e n  t i s s u e  no 'p l a n t '  c e l l s  cou ld  be 
seen  (a s  th e  g lycogen  does n o t le a c h  out d u ring  th e  p re p a ra t io n  o f th e  
t i s s u e )  and in  g e n e ra l PAS s ta in in g  was h e a v ie r , e s p e c ia l ly  in  zone 1. 
Some a re a s  o f in c re a s e d  glycogen d e p o s it io n  were seen  in  th e  l i v e r s  
o f group 1 a n im a ls . E xam ination of f ro z e n  t i s s u e  s e c t io n s  re v e a le d  
t h a t  th e  v a cu o la te d  c e l l s  seen in  th e  c e n t r i lo b u la r  re g io n s  had 
red u ced  glycogen c o n te n t. From t h e i r  appearance , and th e  f a c t  th a t  
c lu s t e r s  of f a t - lo a d e d  c e l l s  a re  seen c e n t r i lo b u la r ly  (P la te  3»10)> 
i t  i s  l i k e ly  t h a t  th e  vacu o les  were due to  f a t  d e p o s it io n . L ip id  
accum ulation  in  th e  l i v e r s  o f group 1 an im als was seen p e r ip o r ta l ly  as  
w e ll a s  c e n t r i lo b u la r ly  and o v e ra l l  was h e a v ie r  th a n  in  th e  l i v e r s  of
PLATE 3»5 Liver of group 3 animal at eight weeks. Glucose 6-phosphatase
reduced .centrilobularly. ^OX mag.
PLATE 3 * 6  L i v e r  o f  g r o u p  2  a n i m a l  a t  e i g h t  w e e k s .  ^ f - g l u t a m y l t r a n s -  
p e p t i d a s e  a c t i v i t y  r e s t r i c t e d  t o  p o r t a l  t i s s u e .  2 5 X m a g .
PLATE 3.7 $-glutamyltranspeptidase activity in liver of group 3 animal
at eight weeks in non-portal area,g. 25X mag.
PLATE 3 . 8  (j- g l u t a m y l t r a n s p e p t i d a s e  a c t i v i t y  i n  l i v e r  o f  g r o u p  f .
a n i m a l  a t  e i g h t  w e e k s  i n  n o n - p o r t a l  a r e a ,  g .  2 5 X m a g .
PLATE 3.9 Liver of group 1 animal at sixteen weeks. Vacuolated cells
deficient in glycogen. Unfixed frozen tissue. PAS 100X mag.
PLATE 3 > 1 0  F a t  l o a d e d  c e l l s  s e e n  c e n t r i l o b u l a r l y  i n  l i v e r  o f  g r o u p  1 
a n i m a l  a t  s i x t e e n  w e e k s .  P . t . ,  p o r t a l  t r a c t .  U n f i x e d  f r o z e n  t i s s u e :
group 2 an im a ls . In  group 3 l i p i d  accum ulation  was a ls o  h e a v ie r  th an  
in  group 2 an im a ls , and th e  d e p o s it io n  seemed s l i g h t l y  h e a v ie r  in  zone 
1 th a n  zone 3» group 2 an im als  no fa t- lo a d e d  c e l l s  could  he seen 
and l i p i d  d e p o s it io n  was h e a v ie s t  in  zone' 1 (P la te  3*l l ) *
In  groups 1 and 3 th e re  was a g r e a te r  d if f e re n c e  in  g lucose  6 - 
phosphatase  a c t i v i t y  between zone 1 (g r e a te s t  a c t i v i t y )  and zone 3 
( l e a s t  a c t i v i t y )  th a n  in  group 2 . T h is  was due to  reduced  a c t i v i t y  
in  zone 3* Some sm all f o c i  of c e l l s  w ith  reduced  g lucose  6 -phosphatase  
a c t i v i t y  were develop ing  in  th e  l i v e r s  o f group 1 an im als .
G lutam ate dehydrogenase a c t i v i t y  showed normal lo b u la r  zo n a tio n  
in  group 2 an im als  and most o f group 3 an im a ls . In  group 1 an im als 
however th e re  seemed to  be s l i g h t l y  h ig h e r a c t i v i t y  in  zone 1 compared 
to  zone 3 . F o c i of s l i g h t ly  reduced  g lu tam ate  dehydrogenase a c t i v i t y  
cou ld  be seen  in  h a l f  th e  group 1 an im als and in  some cases th e s e  a re a s  
appeared  to  c o r r e la te  w ith  f a t  accum ulation .
The a c t i v i t y  of g lu co se -6 -p h o sp h a te  dehydrogenase was much h ig h e r 
in  zone 3 th a n  zone 1 in  a l l  anim al g roups. Animals from group 1 
showed some sm all f o c i  o f h ig h e r th a n  normal a c t i v i t y .  In  some case s  
t h i s  appeared  to  c o r r e la te  w ith  in c re a se d  glycogen d e p o s it io n  and  w ith  
th e  absence of heavy f a t  d e p o s it io n , b u t in  o th e r  an im als  th e  in c re a se d  
g lu co se  6-phosphate  dehydrogenase a c t i v i t y  was in  a re a s  of in c re a s e d  
f a t  d e p o s it io n  and reduced  g lucose  6 -phosphatase  a c t i v i t y .
M alic enzyme a ls o  e x h ib ite d  in c re a se d  a c t i v i t y  in  zone 3 
compared w ith  zone 1 in  a l l  an im als from a l l  g roups. In  group 1 
an im als  some sm all f o c i  of in c re a se d  a c t i v i t y  were develop ing  which on 
o ccas io n  c o r r e la te d  w ith  o th e r  observed h is to ch em ica l a l t e r a t i o n s ,  in  
p a r t i c u l a r ,  f a t  d e p o s it io n .
P o s i t iv e  s ta in in g  f o r  2 -g lu ta m y ltra n sp e p tid a se  was only  seen  in  
th e  b i l e  duct c e l l s  in  an im als  from groups 2 and 3 (P la te  3*12). In  
group 1 an im a ls , however, s e v e ra l  J -g lu ta m y ltra n s p e p tid a s e -p o s i t iv e  f o c i  
were seen  (P la te  3*13)• These f o c i  d id  no t n e c e s s a r i ly  c o r r e la te  w ith  
th e  o th e r  h is to c h em ic a l a l t e r a t i o n s  seen in  th e  l i v e r s  o f an im als  from 
t h i s  group.
PLATE 3 * 1 1  L i v e r  o f  g r o u p  2  a n i m a l  a t  s i x t e e n  w e e k s .  L i p i d  d e p o s i t i o n  
g r e a t e s t  i n  z o n e  1 ,  n o  c e n t r i l o b u l a r  f a t - l o a d e d  c e l l s .  C . v . ,  c e n t r a l  
v e i n :  P . t . ,  p o r t a l  t r a c t .  U n f i x e d  f r o z e n  t i s s u e :  0 R 0  ^OX m a g .
PLATE 3 L i v e r  o f  g r o u p  3  a n i m a l  a t  s i x t e e n  w e e k s ,  $ - g l u t a m y l t r a n s ­
p e p t i d a s e  a c t i v i t y  i s  r e s t r i c t e d  t o  b i l e  d u c t s .  P . t . ,  p o r t a l  t r a c t :  
C . v . ,  c e n t r a l  v e i n .  25X  m a g .
PLATE 3 * 1 3  L i v e r  o f  g r o u p  1 a n i m a l  a t  s i x t e e n  w e e k s .  &- g l u t a m y l  t r a n s ­
p e p t i d a s e  p o s i t i v e  f o c i .  25X m a g .
d) A f te r  T w enty-four Weeks
F o c i of hydrop ic  d eg en e ra tio n  were seen  in  th e  l i v e r s  o f a l l  o f 
th e  group 1 an im als  (P la te  3*1^)• Hydropic d eg en e ra tio n  was a ls o  
observed  in  th e  l i v e r s  of some an im als from groups 2 and 3» "but few er 
a re a s  o f th e  l i v e r  were a f f e c te d .  Animals in  groups 1 and 3 had 
c e n t r i lo b u la r  c e l l  enlargem ent and haem atoxylin  and e o s in  s ta in in g  of 
u n f ix e d ,f ro z e n  s e c tio n s  had a  m o ttled  appearance because of c e l l u l a r  
hypo ch ro m atic ity  in  zone 3 (P la te  3*15)• In  group 1 th e  hydrop ic  
d e g en e ra tio n  was sometimes accom panied by w h ite  c e l l  i n f i l t r a t i o n ,  and 
o ccu rred  most f r e q u e n tly  in  zone 2 and zone 3* Animals from group 1 
had f o c i  of b o th  b a s o p h il ic  and e o s in o p h ilic  c e l l s  (P la te  3*16). In  
g e n e ra l no b a s o p h il ic  o r e o s in o p h il ic  f o c i  cou ld  be seen  in  any o f th e  
an im als from  groups 2 o r 3* One of th e  an im als in  group 1 had 
developed a  sm all low -grade h e p a to c e l lu la r  carcinom a w ith  adeno s t r u c tu r e s ,  
c i r r h o s i s  and b i l e  duct p r o l i f e r a t i o n  (P la te  3*17)* The normal 
a r c h i te c tu r e  had been l o s t .  Some of th e  h ep a to cy te s  in  t h i s  tum our 
were f in e ly  v a c u o la te d , o th e rs  had la rg e  vacu o les  and th e re  were some 
g r e a t ly  e n la rg ed  c e l l s .  A ll o f th e  h ep a to cy te s  had en la rg ed  'em pty ' 
lo o k in g n u c le i. B ile  duct p r o l i f e r a t i o n  and a  g ly c o g en -ric h  fo c u s  was 
a ls o  seen in  th e  l i v e r  o f t h i s  an im al.
A P A S -positive  r e a c t io n  was seen  in  a l l  th e  an im a ls , w ith  
h e a v ie r  glycogen d e p o s its  in  th e  p e r ip o r ta l  re g io n s ..
There were some f o c i  -of v a c u o la te d -c e l ls  in  group 1 a n im a ls . In  
s e v e ra l  a re a s  o f - th e  l i v e r  th e s e  v acu o la ted  f o c i  were a ls o  d e f ic ie n t  
i n  g lucose  6 -phosphatase  and had in c re a se d  g lucose  6-phosphate  dehydro­
genase and m alic  enzyme a c t i v i t i e s  ( P la te s  3*18 ~ 3 « 2 l) . The enzyme 
changes d id  n o t alw ays c o r r e la te  w ith  a l t e r a t i o n s  in  glycogen d e p o s it io n  
(P la te  3*22) a lth o u g h  some f o c i  of a l t e r e d  enzyme a c t i v i t y  had in c re a s e d  
g lycogen  d e p o s it io n . F o c i of h ep a to cy te s  s ta in in g  f o r  5 -g lu tam y l- 
t r a n s p e p tid a s e  a c t i v i t y  were a ls o  seen b u t th e se  d id  no t alw ays c o r r e la te  
w ith  o th e r  enzymic a l t e r a t i o n s  (P la te  3*38). In  one of th e  fo u r  
an im als  in  group 1, a  g ly c o g e n -d e f ic ie n t fo cu s  of b a so p h il ic  c e l l s  was 
a ls o  found to  have reduced  g lucose  6 -p h o sp h a tase , g lucose  6 -phosphate  
dehydrogenase, g lu tam ate  dehydrogenase, m alic  enzyme and # -g lu ta m y ltra n s ­
p e p tid a se  a c t i v i t i e s .
PLATE 3 . 1 ^  L i v e r  o f  g r o u p  1 a n i m a l  a t  t w e n t y - f o u r  w e e k s .  F o c u s  o f  
h y d r o p i c  d e g e n e r a t i o n .  F i x e d  t i s s u e :  H & E 1 0 0 X  m a g .
PLATE 3«15 Liver of group 3 animal at twenty-four weeks. Mottled
appearance due to centrilobular hypochromaticity. G.v., central vein
P.t., portal tract. Unfixed frozen tissue: H & E 25X mag.
a) eosinophilic focus
h )  b a s o p h i l i c  f o c u s
PLATE 3 . 1 6  L i v e r  o f  g r o u p  1 a n i m a l  a f t e r  t w e n t y - f o u r  w e e k s .  
F i x e d  t i s s u e :  H & E 1 0 0 X  m a g .
PLATE 3 . 1 7  S m a l l  h e p a t o c e l l u l a r  c a r c i n o m a  w i t h  b i l e  d u c t  p r o l i f e r a t i o n  
a n d  a d e n o s t r u c t u r e  d e v e l o p i n g  i n  l i v e r  o f  g r o u p  1 a n i m a l  a f t e r  2 4 w e e k s .  
F i x e d  t i s s u e :  H & E 2 5 X  m a g .
PLATE 3»l8 Liver of group 1 animal at twenty-four weeks. Focus 0f
vacuolated cells. C.v., central vein: P.t., portal tract. Fixed tissue
H & E ^OX mag.
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PLATE 3 * 2 0  S am e t i s s u e  a s  P l a t e  3»l8. G l u c o s e  6 - p h o s p h a t e  d e h y d r o g e n a s e  
a c t i v i t y  i s  e l e v a t e d  i n  t h e  a r e a  c o r r e s p o n d i n g  t o  t h e  v a c u o l a t e d  c e l l s .  
G . v . ,  c e n t r a l  v e i n :  P . t . ,  p o r t a l  t r a c t .  ^OX m a g .
PLATE 3 . 1 9  S am e t i s s u e  a s  P l a t e  3 * 1 8 .  V a c u o l a t e d  c e l l s  h a v e  r e d u c e d  
g l u c o s e  6 - p h o s p h a t a s e  a c t i v i t y .  G . v . ,  c e n t r a l  v e i n :  P . t . ,  p o r t a l  t r a c t .  
^-OX m a g .
PLATE 3 . 2 1  S am e t i s s u e  a s  P l a t e  J.18, M a l i c  e n z y m e  a c t i v i t y  i s  
i n c r e a s e d  i n  t h e  a r e a  o f  v a c u o l a t e d  c e l l s .  G . v . ,  c e n t r a l  v e i n :  P . t . ,  
p o r t a l  t r a c t .  ^OX m a g .
PLATE 3 » 2 2  S am e t i s s u e  a s  P l a t e  J,lQ. G l y c o g e n  d e p o s i t i o n  i s  n o t  
s i g n i f i c a n t l y  a l t e r e d  i n  t h e  a r e a  o f  v a c u o l a t e d  c e l l s .  U n f i x e d  f r o z e n  
t i s s u e :  PA S ^OX m a g .
PLATE 3 . 2 3  S am e t i s s u e  a s  P l a t e  3 * 1 8 '  3”- g l u t a m y l t r a n s p e p t i d a s e
a c t i v i t y  i s  n o t  s i g n i f i c a n t l y  e l e v a t e d  i n  t h e  a r e a  o f  v a c u o l a t e d  c e l l s  
t h o u g h  f o c i  o f  i n c r e a s e d  a c t i v i t y ,  g ,  a r e  s e e n .  G . v . ,  c e n t r a l  v e i n :  
P . t . ,  p o r t a l  t r a c t .  2 5X  m a g .
PLATE 3 . 2 4  S am e t i s s u e  a s  P l a t e  3 * 1 8 .  F a t - l o a d e d  c e l l s  s e e n  i n  a r e a  
o f  v a c u o l a t e d  c e l l s .  G . v . ,  c e n t r a l  v e i n :  P . t . ,  p o r t a l  t r a c t .  U n f i x e d  
f r o z e n  t i s s u e :  0 R 0  4 0 X  m a g .
In  groups 2 and 3 "the glycogen d e p o s it io n  was normal "being 
h e a v ie r  p e r i p o r t a l l y . The d if f e r e n c e  in  PAS s ta in in g  "between zone 1 
and zone 3 was more marked in  group 3» F a t d ep o stio n  was h e a v ie r  in  
group 3 an im als th a n  group 2 and on th e  whole occurred  c e n t r i lo h u la r ly . 
Animals in  group 1 a ls o  had h e a v ie r  f a t  d e p o s it io n  th a n  th o se  in  group 
2 and a  few f o c i  o f heavy f a t  d e p o s it io n  were seen (P la te  3*2^) which 
were f r e q u e n tly  a s s o c ia te d  w ith  a re a s  of in c re a se d  g lucose  6-phosphate  
dehydrogenase and  m a lic  enzyme a c t i v i t i e s .
I n  "both g roups 2 and 3» "the p a t te r n  of enzyme a c t i v i t y  was 
norm al: g lucose  6 -phosphatase  a c t i v i t y  was g r e a te r  in  zone 1 th a n  in  
zone 3 ( e s p e c ia l ly  marked in  group 3 a n im a ls ) ; X -g lu tam y ltran sp ep tid ase  
was r e s t r i c t e d  to  "bile duc t c e l l s ;  and th e  o th e r  enzymes s tu d ie d  
showed g r e a te s t  a c t i v i t y  c e n t r i lo h u la r ly .  Group 1 an im als had a re a s  o f 
a l t e r e d  enzyme a c t i v i t i e s ;  v i z . ,  reduced  g lucose  6 -phosphatase  a c t i v i t y ,  
in c re a s e d  g lu co se  6 -phosphate  dehydrogenase and m alic  enzyme a c t i v i t i e s  
and h ep a to cy te s  s ta in in g  p o s i t iv e ly  f o r  tf-g lu ta m y ltra n sp e p tid a se . No 
changes in  g lu tam ate  dehydrogenase a c t i v i t y  was seen . U su a lly  changes 
in  one enzyme were accom panied by o th e r  h is to ch em ica l changes, in c lu d in g  
glycogen and f a t  d e p o s it io n , a s  m entioned e a r l i e r ,  b u t i t  was unusual 
t o  f in d  a l l  th e  changes in  one fo c u s .
The tum our in  th e  group 1 anim al showed co n s id e rab le  b i l e  duct 
p r o l i f e r a t i o n  and had compressed th e  su rround ing  t i s s u e .  M arkedly 
in c re a s e d  # -g lu ta m y ltra n sp e p tid a se  a c t i v i t y  was seen no t on ly  in  th e  
b i l e  d u c ts  bu t a ls o  in  th e  m a jo r ity  o f th e  h e p a to c y te s  (P la te  3*25)*
Most o f th e  tum our was g lu co se  6 -phosphatase  d e f ic ie n t  excep t f o r  a 
few c e l l s  n e a r  th e  p e rip h e ry  o f th e  tum our. Glycogen d e p o s it io n  showed 
th e  same d i s t r i b u t io n  a s  g lucose . 6 -phosphatase  a c t i v i t y  ( P la te s  3*26,
3#27). G lutam ate dehydrogenase was a ls o  reduced  e s p e c ia l ly  tow ards th e  
c e n tre  o f th e  tum our (P la te  3*28). The tum our hepatocy tes.show ed  a  v e ry  
h ig h  g lu co se  6 -phosphate  dehydrogenase a c t i v i t y  (P la te  3*29) and m alic  
enzyme a c t i v i t y  w h ils t  be ing  h ig h e r th an  th e  p e r ip o r ta l  re g io n s  o f - 
normal t i s s u e  was n o t a s  h igh  a s  th e  a c t i v i t y  in  normal c e n t r i lo b u la r  
a re a s  (P la te  3«30)» No f a t  d e p o s it io n  was seen  in  th e  b i l e  duc t c e l l s  
and f a t  d ep o s tio n  seemed reduced  in  th e  h ep a to cy te s  compared w ith  
normal h e p a to c y te s . However, th e  c e l l s  around th e  p e rip h e ry  of th e  
tum our had in c re a se d  f a t  d e p o s it io n  (P la te  3*3i)*
PLATE 3 . 2 5  S am e t i s s u e  a s  P l a t e  3 & - g l u t a m y l t r a n s p e p t i d a s e  
a c t i v i t y :  i s  e l e v a t e d  i n  t h e  h e p a t o c y t e s  a s  - w e l l  a s  a s s o c i a t e d  w i t h  t h e  
b i l e  d u c t  c e l l s  i n  t h e  h e p a t o c e l l u l a r  c a r c i n o m a .  2 5 X m a g .
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PLATE 3 >2-6 S am e t i s s u e  a s  P l a t e  3 * 1 7 *  T h e  t u m o u r  i s  g l u c o s e  6 - p h o s p h a t a s e  
d e f i c i e n t ,  _ 2,5X m a g .
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PLATE 3 . 2 7  S am e t i s s u e  a s  P l a t e  3,17• G l y c o g e n  h a s  b e e n  l o s t  i n  t h e
t u m o u r  U n f i x e d  f r o z e n  t i s s u e :  PA S 25X  m a g .
PLATE 3 * 2 8  S am e t i s s u e  a s  P l a t e  3 » 1 7 *  G l u t a m a t e  d e h y d r o g e n a s e  a c t i v i t y  
i s  r e d u c e d ,  e s p e c i a l l y  a t  t h e  c e n t r e  o f  t h e  t u m o u r .  2 5 X m a g .
PLATE 3 » 2 9  S am e t i s s u e  a s  P l a t e  3 » 1 7 »  T u m o u r  h a s  e l e v a t e d  g l u c o s e  
6 - p h o s p h a t e  d e h y d r o g e n a s e  a c t i v i t y .  2 5X m a g .
PLATE 3 * 3 0  S am e t i s s u e  a s  P l a t e  3 * 1 7 *  T u m o u r  h e p a t o c y t e s  h a v e  g r e a t e r  
m a l i c  e n z y m e  a c t i v i t y  t h a n  n o r m a l  h e p a t o c y t e s  i n  z o n e  1 b u t  l e s s  a c t i v i t y  
t h a n  n o r m a l  h e p a t o c y t e s  i n  z o n e  3  ( c . f .  P l a t e  1 . 1 9 )  2 5X  m a g .
PLATE 3 « 3 1  S am e t i s s u e  a s  P l a t e  3 » 1 7 »  E a t  d e p o s i t i o n  i s  s e e n  a t  t h e  
p e r i p h e r y  o f  t h e  t u m o u r  h u t  n o t  a t  t h e  c e n t r e .  U n f i x e d  f r o z e n  t i s s u e :  
0 R 0  25X  m a g .
* „
mT
a «>
*
IA|
w
* U « f*' r- t ii*
/ *
* r*
. •' 71
^ I #  '
I  % V  •‘‘1 
4 k *
V i
PLATE 3 » 3 2  T u m o u r  a r i s i n g  i n  a  g r o u p  1 a n i m a l  a f t e r  t h i r t y - t w o  w e e k s  
s h o w i n g  m u l t i p l e  c e l l - t h i c k  t r a b e c u l a r  a r r a n g e m e n t  o f  h e p a t o c y t e s .  
F i x e d  t i s s u e :  H & E 1 0 0 X  m a g .
e) A f te r  T h irty -tw o  Weeks
Six  o f th e  rem ain ing  fo u r te e n  an im als in  group 1 had developed 
tum ours a t  t h i s  s ta g e .  F ive o f th e se  were la rg e  and th e  f i n a l  one 
was about 7mm in  d iam e te r . I n  c o n tra s t  to  ch ro n ic  d ie th y ln i'tro sam in e  
tre a tm e n t th e s e  tum ours developed in  th e  l e f t  and median lo b e s  of th e  
l i v e r .  The tum ours were o f v a ry in g  s iz e  and ty p e . In  two tum ours 
b i l e  duct p r o l i f e r a t i o n  was seen  bu t t h i s  was no t observed in  th e  o th e r  
tum ours. I n  th e  l a r g e r  tum ours some a re a s  showed a  t r a b e c u la r  
arrangem ent o f th e  c e l l s  (P la te  3*32) in  o th e r  a re a s  the^ c e l l s  were 
a rra n g ed  in  jum bled s h e e ts  and in  one tumour c i r r h o s i s  was seen .
V arious c e l l u l a r  changes were observed: e o s in o p h il ic  and b a s o p h il ic  
c e l l s  were seen  and hydrop ic  d e g en e ra tio n , karyochexis (o f te n  a s s o c ia te d  
w ith  f a t  v a c u o la t io n ) , k a ry o ly s is ,  pyknosis and haem orrhagic n e c ro s is  
( P la te  3 . 33 ) in  some a re a s  o f some tum ours were seen . C e ll and n u c le a r  
enlargem ent were o f te n  seen  and most o f th e  n u c le i  had an 1 empty’ 
appearance . M itoses were f r e q u e n tly  seen (P la te  3*3^)• Both glycogen 
and l i p i d  d e p o s it io n  were s ig n i f i c a n t ly  reduced  in  th e  tumour t i s s u e  
though some la rg e  a re a s  of f a t  d e p o s it io n , were seen  in  th e  tum ours 
( P la t e s  3*35? 3 . 36) .  The enzyme changes observed  h is to c h e m ic a lly  in  
th e  tumour t i s s u e  were th e  same as  th o se  seen in  th e  tumour a r i s in g  
a f t e r  tw e n ty -fo u r weeks. The non-tum our l i v e r  t i s s u e  in  th e  group 1 
an im als  was on th e  whole h i s to lo g ic a l ly  and h is to c h e m ic a lly  s im i la r  
t o  th e  l i v e r s  o f th e  group 1 an im als  a f t e r  tw e n ty -fo u r  weeks w ith  a 
s l i g h t  in c re a s e  in  th e  amount o f hydrop ic  d e g en e ra tio n  and f a t  
d e p o s it io n .
One o f th e  group 2 an im als  had a  p re -n e o p la s t ic  nodule which 
was p o s i t iv e  f o r  X -g lu ta m y ltran sp e p tid a se , had m arkedly in c re a se d  
g lu co se  6-phosphate  dehydrogenase and s l i g h t l y  in c re a se d  m alic  enzyme 
a c t i v i t y ,  s l i g h t ly  reduced  g lu tam ate  dehydrogenase a c t i v i t y  and was 
d e f ic ie n t  in  g lucose  6 -phosphatase  and g lycogen. In  a n o th e r anim al 
from  group 2 an a re a  o f th e  l i v e r  was seen w ith  en la rg ed  s in u s o id a l  
sp ac e s . The n u c le i  o f th e  h ep a to cy te s  in  t h i s  a re a  were h y perch rom atic . 
A t h i r d  animal/, from t h i s  group had a fo cu s  o f b a s o p h il ic  c e l l s  w ith  
'em pty-look ing1 n u c le i .  M ito ses were no t seen  in  e i t h e r  of th e s e  a re a s .  
The rem ain ing  s ix  l i v e r s  from  an im als in  group 2 were s im ila r  h i s to -
PLATE 3 . 3 3  H a e m o r r h a g ic  n e c r o s i s  o b s e r v e d  i n  t h e  t u m o u r  i n  P l a t e  3 * 3 2 .  
F i x e d  t i s s u e :  H & E 1 0 0 X  m a g .
PLATE 3 . 3^  'E m p t y '  l o o k i n g  n u c l e i  a n d  m i t o t i c  f i g u r e  i n  t h e  t u m o u r  
s h o w n  i n  P l a t e  3 * 3 2 .  F i x e d  t i s s u e :  H & E 4 0 0 X  m a g .
PLATE 3 . 3 5  A n a r e a  o f  c e l l s  c o n t a i n i n g  l a r g e  v a c u o l e s  s e e n  i n  o n e  
p a r t  o f  t h e  t u m o u r  s h o w n  i n  P l a t e  3 * 3 2 .  H & E 1 0 0 X  m a g .
PLATE 3 « 3 6  S am e t i s s u e  a s  P l a t e  3 * 3 5  t h e  v a c u o l e s  a r e  d u e  t o  e x c e s s i v e  
f a t  d e p o s i t i o n .  F i x e d  t i s s u e :  0 R 0  1 0 0 X  m a g .
lo g ic a l ly  and h is to c h e m ic a lly  to  th o se  examined a t  tw e n ty -fo u r weeks.
On th e  w h o le ,th e  l i v e r s  from an im als in  group 3 examined a f t e r  
th i r ty - tw o  weeks appeared  s im ila r  h i s to lo g ic a l ly  and h is to c h e m ic a lly  
to  th o se  examined a t  tw e n ty -fo u r  weeks. -Some in c re a se  in  th e  hydropic  
d e g en e ra tio n  was observed  and t h i s  was most common c e n t r i lo h u la r ly .
In  some cases  th e re  was n e c ro s is  in  th e se  hydrop ic  a r e a s .  In  two
o f th e  seven an im als  examined th e re  was some s l ig h t  b i l e  duct p r o l i f e r a t i o n .
f ) Summary
V arious changes were observed  h i s to lo g ic a l ly  and h is to c h e m ic a lly  
in  th e  l i v e r s  d u rin g  th e  cou rse  o f th e  tw o -s tag e  c a rc in o g e n e s is .
F i r s t l y ,  group 2 an im als  showed l i t t l e  change from normal l i v e r s  a lth o u g h  
one anim al developed a  p re -n e o p la s t ic  nodule a t  th i r ty - tw o  weeks. 
G e n tr i lo b u la r  c e l l  enlargem ent was induced in  a l l  an im als in  groups 1 
and 3 By ch ro n ic  p henobarb itone  fe e d in g . T h is  was a s s o c ia te d  w ith  an 
in c re a s e d  f a t  d e p o s it io n , and a  decreased  glycogen d e p o s it io n  in  th e  
c e n t r i lo b u la r  a r e a s .  H ydropic d eg en e ra tio n  developed in  th e se  an im a ls , 
p a r t i c u l a r l y  group 1 an im a ls , u s u a lly  c e n t r i lo h u la r ly .  In  group 3 no 
-g lu ta m y ltra n sp e p tid a se  p o s i t iv e  h e p a to c y te s  were seen excep t a t  
e ig h t  w eeks.
In  group 1 an im als  f o c i  of a l t e r e d  h is to c h e m is try  were f i r s t  
d e te c te d  a t  s ix te e n  weeks th e s e  in c lu d ed  an in c re a s e  in  f a t  d e p o s it io n , 
an  in c re a s e  o r  d ec rea se  in  g lycogen d e p o s it io n , a d ecrease  in  g lu co se  
6 -phosphatase  and g lu tam ate  dehydrogenase a c t i v i t i e s  and an in c re a s e  in  
th e  a c t i v i t i e s  o f g lu co se  6 -phosphate  dehydrogenase, m alic  enzyme and 
-g lu ta m y ltra n s p e p tid a se . O f te n 's e v e ra l  of th e se  changes were 
observed  in  th e  same fo cu s  b u t i t  was unusual to  f in d  a l t e r a t i o n s  in  
a l l  th e  h is to c h em ic a l c r i t e r i a  in  one fo c u s . Tumours w ith  v a rio u s  
c e l l u l a r  a l t e r a t i o n s  a ro se  i n  th e  l i v e r s  of abou t h a l f  o f th e  an im als  
i n  group 1 a f t e r  th i r ty - tw o  weeks and th ey  were d e f ic ie n t  in  g lycogen 
and, on th e  w hole, f a t .  They had l o s t  g lucose  6 -phosphatase  and g lu tam ate  
dehydrogenase a c t i v i t y  and had e le v a te d  g lu co se  6-phosphate  dehydrogenase, 
m alic  enzyme and J -g lu ta m y ltra n sp e p tid a se  a c t i v i t i e s .
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3*3»3» Changes in  L iv e r  Weight During; Tw o-stage C arcinogenesis
L iv e r w ight r e l a t i v e  to  body w eight d ec lin ed  w ith  age in  a l l .  th e  • 
an im als (F ig . 3*3*1). C hronic feed in g  w ith  phenobarbitone caused an 
in c re a se  in  l i v e r  w eight and t h i s  was most marked in  th e  an im als which 
had been p r e t r e a te d  w ith  d ie th y ln itro sa m in e . In  th e  anim als which 
had no p re tre a tm en t (group 3 a n im a ls ) , th e  in c re a se  in  l i v e r  weight 
due to  phenobarb itone  was g ra d u a lly  reduced and a t  th e  tw en ty -fo u r 
week s tag e  th e se  an im als had n o rm al-s ized  l i v e r s .  The l i v e r s  of th e  
group 1 am inals rem ained in c re a se d  in  s iz e .
3«3*^ Changes in  Enzyme A c tiv i ty  Duriag th e  Experiment
The changes in  enzyme a c t i v i t i e s  observed during  th e  tw o -stag e  
ex p erim en ta l h ep a to ca rc in o g en es is  a re  shown in  Table 3*3*1 and in  
norm alised  l i v e r  u n i t s  in  F ig . 3*3*2. i  -  ix .  Some v a r ia t io n  in  
enzyme a c t i v i t i e s  were observed probably  p a r t ly  due to  experim ental 
v a r ia t io n  and p a r t ly  due to  d ie ta ry  v a ria n ce s  o r o th e r  n o n -sp e c if ic  
d is tu rb a n c e s  of th e  an im a ls . On th e  whole, th e  enzyme a c t i v i t i e s  
reco rd ed  in  th e  group 2 an im als were s im ila r  to  c o n tro l v a lu es .
T h is  i s  in  good agreem ent w ith  th e  normal h is to lo g ic a l  appearance 
o f th e  l i v e r s  o f th e se  an im a ls . The g r e a te s t  a l t e r a t i o n  in  enzyme 
a c t i v i t y  was observed in  th e  group 1 an im als w ith group 3 an im als 
u s u a lly  showing in te rm e d ia te  changes. Thymidine k in ase  a c t i v i t y  in  
group 1 an im als was in c re a se d , but t h i s  was not s ig n i f ic a n t ,  and 
d ecreased  s ig n i f ic a n t ly  in  group 3 an im als a t  e ig h t weeks in d ic a t in g  
th a t  th e  in c re a se  in  l i v e r  weight in  th e se  two groups was probably  
a  h y p e rtro p h ic  r a th e r  than  a h y p e rp la s tic  re sp o n se . This would confirm  
th e  h is to lo g ic a l  f in d in g  o f c e n tr i lo b u ia r  c e l l  enlargem ent in  th ese  
two groups w ithou t in c reased  m ito tic  r a t e .  Thymidine k inase was 
s ig n i f ic a n t ly  e lev a te d  in  the  group 1 an im als a t  l a t e r  s tag e s  of 
th e  experim ent corresponding  to  the appearance of p rv n e o p la s tic  and 
n e o p la s t ic  t i s s u e .  Thymidine k inase  was a lso  e lev a ted  in  group 3 
an im als a t  th ir ty - tw o  weeks but this. was. not s ig n if ic a n t  because of the  
wide in ter-an im al*  v a r ia t io n .  This, may have beer; because of l i v e r  
re g e n e ra tio n  in  a re a s  of hydropic i**generat lor. seen h i s to lo g ic a l ly .
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F ig u re  3*3>1 Changes in  R e la tiv e  L iv e r  Weight During 2 -S tage  Hepato- 
C arc in o g en esis , D ie th y ln itro sam in e  Treatm ent and 
P henobarb itone  Treatm ent
5*5
5 .0
4 . 5 .
4 .0  •
3-5
3-0
16 24 32 Weeks
E r ro r  b a rs  r e p re s e n t  mean ± SEM. 
Group 1; C losed  c i r c l e s ,  s o l id  l i n e .  
Group 2; Open c i r c l e s ,  broken l i n e .  
Group 3> T r ia n g le s , d o tte d  l i n e .
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F ig u re  3 .3 .2  Enzyme Changes During 2 -S ta g e ' H ep a to ca rc in o g en es is , 
D ie th y ln itro sa m in e  and Phenobarb itone Treatm ent
E rro r  b a rs  r e p re s e n t  mean ± SEM of v a lu es  / g l i v e r  converted  to  l i v e r  
u n i t s  (L .U .) .
Group 1; c lo se d  c i r c l e s ,  s o l id  l i n e s .
Group 2; open c i r c l e s ,  broken l i n e s .
Group 3> t r i a n g l e s ,  d o tte d  l i n e s .
T re p re s e n ts  v a lu e  o b ta in e d  f o r  tum ours develop ing  in  l i v e r s  o f group 1 
an im a ls . H r e p re s e n ts  v a lu es  f o r  un involved  h o s t l i v e r  o f tum our- 
b e a r in g  l i v e r  o f group 1 an im a ls .
( i )  TK; Thymidine k in a se
( i i )  HK; H exokinase
( i i i )  G6PDH; G lucose 6-phosphate  dehydrogenase
( iv )  GDH; G lutam ate dehydrogenase
(v ) AAT; A sp a rta te  am in o tra n sfe ra se
( v i )  G6Pase; G lucose 6-phosphatase
( v i i )  PEPCK; Phosphoenolpyruvate carboxykinase
( v i i i )  GK; G lucokinase
( ix )  M alic;. M alic  enzyme
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Glucose 6 -phosphate  dehydrogenase was n o t s ig n i f ic a n t ly  a l t e r e d  
in  th e  group 1 an im als a t  e ig h t weeks h u t t h e r e a f t e r  th e  a c t i v i t y  
in c re a s e d  s ig n i f i c a n t ly .  In  group 3 an im als , however, t h i s  enzyme 
was s ig n i f i c a n t ly  e le v a te d  a t  e ig h t weeks and though a t  l a t e r  tim e 
p o in ts  th e  a c t i v i t y  d ec reased  i t  was s t i l l  h ig h e r th an  norm al.
S im ila r ly , m a lic  enzyme a c t i v i t y ,  which was h ig h e r in  a l l  th re e  g roups 
o f an im als a t  e ig h t weeks (ex p e rim en ta l o r anim al v a r ia t io n ,  p robab ly ) 
was h ig h e s t in  group 3 an im a ls , group 1 and 2 an im als had s im ila r  
a c t i v i t i e s .  Group 3 an im als  had e le v a te d  m alic  enzyme a c t i v i t y  f o r  
th e  d u ra tio n  o f th e  ex p erim en t. M alic enzyme a c t i v i t y  in c re a se d  in  
group 1, becoming s ig n i f i c a n t ly  e le v a te d  a t  16 weeks and rem ain ing  
s ig n i f i c a n t ly  e le v a te d  u n t i l  th e  end o f th e  experim en t.
There was no s ig n i f ic a n t  v a r ia t io n  o f hexokinase a c t i v i t y  
betw een th e  g ro u p s. A ll o f th e  groups had h ig h  hex o k in ase ,• low 
g lu co k in ase  a c t i v i t y  a t  tw e n ty -fo u r weeks p robab ly  due to  d ie ta r y  o r 
o th e r  n o n -s p e c if ic  d is tu rb a n c e s . G lucokinase a c t i v i t y  in  group 1 
an im als  was reduced  compared to  groups 2 and 3» which had s im ila r  
a c t i v i t i e s  f o r  t h i s  enzyme, u n t i l  th e  th ir ty - tw o  week tim e p o in t .
The a c t i v i t i e s  o f th e  two g luconeogenic  enzymes, g lucose  6 - 
phosphatase  and phosphoenolpyruvate ca rb o x y k in ase , were h ig h e s t in  
group 2 an im als  and lo w est in  group 1 an im als th ro ughou t th e  experim ent 
The la r g e s t  d i f f e r e n c e s  in  a c t i v i t y  between th e se  two groups was 
re c o rd ed  a t  s ix te e n  and tw e n ty -fo u r weeks. In te rm e d ia te  a c t i v i t i e s  
o f g lucose  6 -phosphatase  and phosphoenolpyruvate carboxykinase were 
re c o rd ed  in  group 3 an im a ls .
S im ila r ly , th e  a c t i v i t i e s  o f g lu tam ate  dehydrogenase and 
a s p a r ta te  a m in o tra n s fe ra se  were h ig h e s t in  group 2 an im als and low est 
i n  group 1 an im a ls , w ith  group 3 an im als having  in te rm e d ia te  a c t i v i t i e s  
th ro u g h o u t th e  experim en t. Both th e se  enzymes were s ig n i f i c a n t ly  
reduced  in  th e  group 1 an im als  a t  th i r ty - tw o  weeks.
In  some o f th e  an im als  in  group 1 , tum ours, la rg e  enough to  be 
assay ed  s e p a ra te ly  from  th e  r e s t  of th e  l i v e r ,  had developed by t h i r t y -  
two weeks. The r e s u l t s  of th e  enzyme a ssa y s  on th e se  tumours, and th e  
a p p a re n tly  norm al rem ainder of th e  l i v e r  'h o s t '  l i v e r  a re  shown in  
T ab le  3*3*2. The tumour l i v e r  had s ig n i f i c a n t ly  e le v a te d  thym idine 
k in a s e , g lu co se  6 -phosphate  dehydrogenase and m alic  enzyme a c t i v i t i e s ,  •
TABLE 3 .3 .2  Comparison of Tumours A ris in g  in  Group 1 Animals
A fte r  T h ir ty - tw 6 Weeks Treatm ent With U ninvolved 
'H o s t ' L iv e r
'HOST' LIVER ( 2 ) TUMOUR ( 3 )
Thymidine K inase l.$&  ; k .6  a ) * 10.2  ± 0 .6  -a)***
b)*
Hexokinase 0.208 ; 0.28 O.3 I 6 ± 0.086
Glucose 6 -Phosphate 1*35 » 1*37' 11.6  ± 1 .3  a)**
Dehydrogenase b)**
G lutam ate 31*^ J 35*6 kk ,5  ± 2 .7
Dehydrogenase
A sp a rta te  70*8 ; 88 .^  57*9 — 2 .5  a)**
A m ino transferase  .
G lucose 6-p hosphatase  10 .9  » 11.6  a)**  ^.52  ± 0 .7^  a)***
b)**
Phosphoenolpyruvate I . 3I  » 2 .19  0.207 ± 0.022 a)**
Carboxykinase - b)*
G lucokinase I .56 ; 1 .7  1 .22  ± 0.13 a )*
M alic Enzyme 1.06  ; 3 .76  8.26  ± 1.15 a)**
b)*
V alues a re  mean ± SEM U/g t i s s u e .  F ig u res  in  p a re n th e s is  in d ic a te  
number of o b se rv a tio n s .
S t a t i s t i c a l l y  s ig n i f i c a n t  d if f e r e n c e s  from normal a d u lt  v a lu e s ,a ) ;  and 
'h o s t '  l i v e r ,b )  a re :  *,p<C0 . 05 ; **,p<C0 . 01.; *** , p<C0 . 005.
s ig n i f i c a n t ly  d ep re ssed  a s p a r ta te  a m in o tra n s fe ra se , g lucose  6 - 
p h so p h atase , phosphoenolpyruvate  carboxykinase and g lucok inase  
a c t i v i t i e s .  The a c t i v i t i e s  of hexokinase and g lu tam ate  dehydrogenase 
were n o t s ig n i f i c a n t ly  d i f f e r e n t  from c o n tro ls .  The enzymes o f th e  
h o s t l i v e r  were m ostly  no t s ig n i f i c a n t ly  d i f f e r e n t  from c o n tro l v a lu es  
excep t f o r  thym id ine k in a se  which w as s ig n i f i c a n t ly  in c re a se d  and 
g lucose  6 -phosphatase  which was s ig n i f i c a n t ly  d ecreased .
3 .3 .5 .  C o r re la t io n  A n a ly sis  o f th e  Enzyme Data
In  o rd e r  to  compare th e  r e s u l t s  o b ta in ed  d u rin g  a tw o -s tag e  
h e p a to c a rc in o g en e s is  w ith  th o se  o b ta in ed  d u rin g  ch ro n ic  d ie th y ln i t r o s -  
amine tre a tm e n t and du rin g  normal developm ent Spearm an's Rank C o rre la t io n  
a n a ly s is  was a g a in  a p p lie d . The d a ta  from th e  tw o -s tag e  experim ent 
co n v erted  t o  no rm alised  l i v e r  u n i t s  by com parison w ith  c o n tro ls  was 
compared w ith  a l l  s ta g e s  o f developm ent and ch ro n ic  d ie th y ln itro sa m in e  
tre a tm e n t and th e  a n ly s i s  i s  shown in  T ab les  3*3»3.» 3*3*k» an<l 3*3 .5 .
No s ig n i f ic a n t  c o r r e la t io n s  were observed  in  e i t h e r  group 2 o r group 3 
w ith  any s tag e  o f developm ent o r  c a rc in o g e n e s is  excep t a t  th e  95 -  9Q/£ 
p r o b a b i l i ty  le v e l  where th e re  was some a s s o c ia t io n  o f group 2 an im als 
a t  tw e n ty -fo u r and th i r ty - tw o  weeks w ith  th e  post, parturn r a t  and an 
a s s o c ia t io n  o f group 3 an im als a t  tw e n ty -fo u r weeks w ith  th e  l i v e r  of 
an im als  t r e a te d  f o r  e lev en  weeks w ith  d ie th y ln itro sa m in e . The enzyme 
p r o f i l e  of group 2 an im als and group 3 an im als  were s ig n i f i c a n t ly  
c o r r e la te d  a t  e ig h t  weeks b u t th e r e a f t e r  th e re  was no s ig n i f ic a n t  
c o r r e la t io n  between th e se , two g roups.
The an im als  o f group 1 showed no s ig n i f ic a n t  c o r r e la t io n  w ith  
th o se  o f group 2 b u t from  16 weeks onwards th e  c o r r e la t io n  w ith  an im als  
from  group 3 vr&s s i g n i f i c a n t .  Both th e  tum ours and th e  h o s t l i v e r  a t  
th i r ty - tw o  weeks c o r r e la te d  s ig n i f ic a n t ly  w ith  th e  l i v e r  of th e  group 
3 an im a ls .
Group, f  an im als d id  n o t, a t  any tim e d u r in g 'th e  experim ent, 
c o r r e la te  s ig n i f i c a n t ly  w ith  any s tag e  of developm ent. S ig n if ic a n t  
s i m i l a r i t i e s  in  th e  enzyme p a t te r n  o f group 1 an im als w ith  th e  enzyme 
p a t t e r n  du rin g  th e  l a t e r  s ta g e  o f ch ron ic  d ie th y ln itro sa m in e -in d u c e d  
h e p a to c a rc in o g en e s is  were observed . T his was e s p e c ia l ly  pronounced
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a t  tw e n ty -fo u r weeks. At th i r ty - tw o  weeks th e  a s s o c ia t io n  was only 
weak b u t in  th e  an im als  w ith  th e  la rg e  tum ours bo th  th e  h o s t l i v e r  
t i s s u e  and th e  tum ours th e  a s s o c ia t io n  w ith  th e  l i v e r  of r a t s  t r e a te d  
w ith  d ie th y ln itro sa m in e  was s tro n g .
The l i v e r s  o f an im als  in  group 1 was s im ila r  to  th o se  o f group 
3 so some o f th e  changes observed  cou ld  have been due to  th e  pheno- 
b a rb ito n e  t r e a tm e n t.  F o r t h i s  re a so n  b iochem ical d a ta  from th e  group 
1 an im als was co n v erted  to  l i v e r  u n i t s  by com parison w ith  group 3 
an im a ls . Spearm an 's ran k  c o r r e la t io n  a n a ly s is  was th e n  a p p lie d  a g a in  
(T ab le  3«3*6)* T h is  tim e a  s ig n i f ic a n t  c o r r e la t io n  between th e  group 
1 an im als a t  e ig h t  weeks and th e  f iv e  day p o s t partum  r a t  and between 
group 1 an im als  a t  s ix te e n  and tw e n ty -fo u r weeks and f o e ta l  an im als 
was seen .
The l i v e r s  o f group 1 an im als a t  e ig h t weeks were n o t1 s im i la r  
t o  th o se  of r a t s  t r e a t e d  w ith  d ie th y ln itro sa m in e  b u t from s ix te e n  weeks 
onwards th e  s im i l a r i t y  between group 1 an im als and r a t s  du rin g  th e  
l a t e r  s tag e  o f d ie th y ln itro sa m in e  tre a tm e n t was s ig n i f i c a n t .  The 
tum ours a r i s in g  a t  th i r ty - tw o  weeks showed s ig n i f ic a n t  c o r r e la t io n  
w ith  th e  l a t e r  s ta g e s  of h e p a to c a rc in o g en e s is  induced  by ch ro n ic  
d ie th y ln itro sa m in e  tre a tm e n t b u t th e  'h o s t '  l i v e r  d id  n o t.
3«3«6. A neuploidy in  th e  Tumours Induced by Tw o-stage Hepato­
c a rc in o g e n e s is
Wax s e c t io n s  o f l i v e r  t i s s u e  o f group 2 and group 3 an im als  and 
h o s t l i v e r  and tum our t i s s u e  from group 1 an im als a t  th ir ty - tw o  weeks 
were Feu lgen  s ta in e d  and th e  DNA co n ten t e s tim a te d  by scanning m icro­
densitom etry (F ig . 3 . 3 . 3 ) .
A mode was observed  a t  th e  same d e n s i ty  va lue  in  th e  l i v e r  of 
group 2 and group 3 an im als and th e  non-tum our l i v e r  o f group 1 an im a ls . 
There was a  g r e a te r  degree o f s c a t t e r  observed  in  th e  p re -n e o p la s t ic  
nodule and th e  tum our t i s s u e .
N e ith e r  d ie th y ln itro sa m in e  n o r phenobarb itone  a lo n e  induced  
an eup lo idy  b u t an eup lo idy  a ro se  a s  a  consequence of tumour developm ent.
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F ig u re  3.3*3 DNA C ontent o f Normal and Tumour N uclei During 2-S tage
H ep a to ca rc in o g en es is , D ie th y ln itro sam in e  and Pheno 
B arb ito n e  Treatm ent
A b sc issa : D ensity  o f Feulgen s t a in ;  a r b i t r a r y  u n i t s
( i )  and ( i i )  U ninvolved h o s t l i v e r  of tum our-bearing  group 1 anim al
a t  32 weeks.
( i i i )  medium s iz e d  tumour in  group 1 an im al.
( iv )  P re n e o p la s t ic  nodule in  l i v e r  of group 1 an im al.
(v ) la rg e  tumour in  l i v e r  o f group 1 an im al.
( v i )  sm all tum our i n  l i v e r  o f group 1 an im al.
( v i i )  L iv e r  o f group 2 an im al.
( v i i i )  L iv e r  o f group 3 an im al.
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3>3«7« E f fe c t  o f P henobarb itone  on D evelopm ental Enzyme Changes
a t  Weaning
N eonatal an im als  were o r a l ly  dosed d a i ly  from th e  te n th  day a f t e r '  
"b irth  w ith  phenoharh itone  so t h a t  th e y  re c e iv e d  a d a i ly  dose 
approx im ate ly  e q u iv a le n t to  t h a t  re c e iv e d  "by th e  r a t s  in  th e  tw o -s tag e  
c a rc in o g e n e s is  experim en t. A f te r  weaning th e  r a t s  re c e iv e d  th e  pheno- 
b a rb ito n e  in  th e  d r in k in g  w a te r . M alic enzyme and g lu co k in ase , two 
enzymes which do n o t ap p ear u n t i l  weaning, were assayed  a t  th r e e  tim e 
in te r v a l s  in  th e s e  r a t s ;  th r e e 'd a y s  b e fo re  weaning, w ith in  th e  f i r s t  
day a f t e r  weaning and on th e  t h i r d  day a f t e r  weaning. T his experim ent 
was perform ed to  in v e s t ig a te  th e  p o s s i b i l i t y  t h a t  phenobarb itone  e x e r ts  
i t s  c a rc in o g e n e s is  prom oting a c t i v i t y  by in h ib i t in g  d i f f e r e n t i a t i o n .  
H exokinase, an enzyme which rem ains r e l a t i v e l y  unchanged d u ring  th e  
weaning p e r io d , was a ls o  a ssay ed . The r e s u l t s  a re  shown in  T ab le  3»3«7» 
The l i v e r  o f th e  t r e a te d  an im als  was en la rg ed  compared to  c o n tro l 
an im a ls . H is to lo g ic a l ly  t h i s  was due to  c e n t r i lo b u la r  c e l l  enlargem ent 
s im i la r  to  t h a t  seen  in  th e  l i v e r  o f a d u lt  an im als t r e a t e d  w ith  pheno­
b a rb ito n e  .
Three days b e fo re  weaning m alic  enzyme a c t i v i t y  was no t d e te c ta b le  
in  th e  l i v e r s  o f e i t h e r  t r e a t e d  o r c o n tro l r a t s .  G lucokinase a c t i v i t y  
was v e ry  low in  th e  c o n tro l  r a t s  and n o t d e te c ta b le  in  some o f th e  
c o n tro l r a t s ,  however, in  th e  t r e a t e d  r a t s  th e  a c t i v i t y  was s ig n i f i c a n t ly  
h ig h e r . Hexokinase a c t i v i t y  was s l i g h t l y  h ig h e r in  th e  c o n tro l th a n  th e  
t r e a t e d  r a t s .
During th e  f i r s t  post-w eaning  day m alic  enzyme a c t i v i t y  was 
ag a in  n o t d e te c ta b le  in  c o n tro l  an im als b u t low a c t i v i t y  was d e te c ta b le  
i n  th e  t r e a te d  an im a ls . The a c t i v i t y  o f g lu co k in ase  was a ls o  h ig h e r 
in  th e  t r e a t e d  r a t s  th a n  th e  c o n tro l r a t s  bu t th e  d if fe re n c e  was no t 
so 'm arked  a s  a t  th e  e a r l i e r  tim e p o in t .  Hexokinase a c t i v i t y  was s im i la r  
in  b o th  th e  t r e a t e d  and th e  c o n tro l an im als .
Three days a f t e r  weaning th e  s i tu a t io n  was re v e rse d , h ig h e r  
a c t i v i t i e s  o f a l l  th re e  enzymes were observed  in  th e  c o n tro l r a t s  
compared w ith  th e  t r e a t e d  r a t s .  The reduced  a c t i v i t i e s  o f m alic  
enzyme and g lu co k in ase  in  th e  t r e a te d  an im a ls , compared to  c o n tro ls ,  
were s ig n i f i c a n t ,  bu t th e  re d u c tio n  in  hexokinase was no t s ig n i f i c a n t .
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3.^* E f fe c t  of C hronic D ie th y ln itro sam in e  A d m in is tra tio n  on DNA
A lk y la tio n
£
Rat l i v e r  has a  h igh  c a p a c ity  f o r  th e  rem oval of 0 -  a lk y lg u an in e  
from  DNA, a f t e r  a  s in g le  dose o f a lk y la t in g  a g e n ts , compared to  .o th e r 
t i s s u e s .  In  o rd e r  to  in v e s t ig a te  th e  e f f e c t  of ch ro n ic  d ie th y ln i t r o s ­
amine tre a tm e n t on th e  e x c is io n  system  r a t s  re c e iv in g  d ie th y ln itro sa m in e  
in  th e  d rin k in g  w a te r f o r  one, f iv e  and te n  weeks were g iven  a s in g le
r l ^  n  r l A  “ Idose o f L CJ d ie th y ln itro sa m in e  o r [_ CJ d im eth y ln itro sam in e  and th e
le v e l s  of a lk y lp u r in e s  in  th e  l i v e r  DNA determ ined  a s  d e sc rib e d  in  th e
Methods s e c t io n . The Sephadex G10 e lu t io n  p r o f i l e  o f 0.1N HG1
h y d ro ly sa te  o f DNA from  th e  l i v e r  o f an im als re c e iv in g  d ie th y ln itro sa m in e
r i din  th e  d rin k in g  w a te r f o r  f iv e  weeks and th en  g iven  [_ CJ d ie th y ln i t r o s ­
amine (10 mg/kg: 16 .0  mCi/mMol) tw elve hours p r io r  to  d ea th  i s  shown in
F ig . The e lu t io n  p r o f i l e  o f l i v e r  DNA from  r a t s  t r e a te d  w ith
d ie th y ln itro sa m in e  f o r  te n  weeks th e n  g iven  [^^G ^dim ethy ln itrosam ine 
(0 .9  mg/kg: 2 ^ .5  mCi/mMol) i s  shown in  F ig .
The le v e l s  o f a lk y la te d  p u rin e s  in  th e  t r e a te d  an im als, compared
w ith  age-m atched c o n tro l  an im a ls , a re  g iven  in  T able These
r e s u l t s  show th a t  th e  3”e th y la d e n in e :7 “e th y lg u an in e  r a t i o  i s  v i r t u a l l y  
unchanged by ch ro n ic  d ie th y ln itro sa m in e  tre a tm e n t. E th y la tio n  of
guanine a t  th e  0^ p o s i t io n  was g r e a t ly  reduced  by ch ro n ic  d ie th y ln i t r o s -
£
amine tre a tm e n t and t h i s  i s  c le a r ly  shown by th e  d ecrease  in  0 -  e th y l ­
guan ine: 7 -e th y lg u a n in e  r a t i o ,  which com pensates f o r  o v e ra l l  d if f e r e n c e s  
in  th e  e x te n t o f a lk y la t io n .  The re d u c tio n  o f O ^-ethy lguan ine became 
more marked w ith  more p ro longed  d ie th y ln itro sa m in e  tre a tm e n t.
A n a ly sis  o f m eth y la ted  p u rin e s  a f t e r  L CJ d im eth y ln itro sam in e  
showed th a t  th e re  was a  re d u c tio n  in  th e  3 -rae thy laden ine:7 -m ethy lguan ine  
r a t i o  a f t e r  one and f iv e  weeks bu t n o t a f t e r  te n  weeks d ie th y ln itro sa m in e
tre a tm e n t and th e  re d u c tio n  was no t so marked a s  th e  re d u c tio n  i n  th e  £
0 -m ethylguanine.*7-m ethylguanine r a t i o .  C ontinued d ie th y ln itro sa m in e
tre a tm e n t d id  no t cause f u r th e r  re d u c tio n  in  th e  l e v e l s  o f 0 ^ -m ethy l-£
guanine analogous to  th e  e f f e c t  on 0 -e th y lg u a n in e  so th a t  a f t e r  te n
6weeks d ie th y ln itro sa m in e  tre a tm e n t th e  0 -m ethy lguan ine:7 -m ethy lguan ineg
r a t i o  was S7% o f th e  c o n tro l r a t i o  w hereas th e  0 - e th y lg u a n in e :7 -e th y l-  
guanine r a t i o  was on ly  7% o f th e  c o n tro l r a t i o  (T ab le  3»^»l)*
F ig u re  3 .^ .1  Sephadex G-10 E lu tio n  P r o f i l e  of E th y la te d  N u c leo tid es
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Sephadex. G-10 p r o f i l e  of. 0 .1N "HC1 h y d ro ly sa te  of DNA from th e  l i v e r  o f
r a t s ,  t r e a t e d  f o r  5 weeks w ith  d ie th y ln itro sa m in e , k i l l e d  12 hours a f t e r
14 '
a  s in g le  dose o f • [  C ^ d ie th y ln itro sa m in e . C losed c i r c l e s ,  s o l id  l in e  =
r a d io a c t iv i ty ;  Open c i r c l e s ,  "broken l i n e  = ^ 260 ’ Py^iroi^ 116 o l ig o ­
n u c le o tid e ;  3-EA, 3 -e th y la d e n in e ; 7-EG, 7 -e th y lg u a n in e ; G, guan ine;
6 6A, ad en in e ; 0 -EG, 0 -e th y lg u a n in e .
R
adioactivity 
(cpm
/fraction)
F ig u re  3*4.2 Sephadex G-10 E lu tio n  P r o f i le  o f M ethylated  N u c leo tid es
PyO 7000
7 -MG
6000
5000
3000 £2 .0
2000 J
1000 3
500
300
0 .5
2000 -MG
100
0 10 20 30 40 50 60
F ra c tio n  Numher
Sephadex G-10 p r o f i l e  o f 0.1N HG1 h y d ro ly sa te  of DNA from th e  l i v e r
of r a t s ,  t r e a t e d  f o r  5 weeks w ith  d ie th y ln itro sa m in e , k i l l e d  12 hou rs .
r l 4  -ia f t e r  a  s in g le  dose o f [_ GJ d im e th y ln itro sam in e . C losed c i r c l e s ,  s o l id
l in e s  = r a d io a c t iv i ty ;  Open c i r c l e s ,  broken l i n e s  = PyO, py rim id in e
o lig o n u c le o tid e ; 3“MA» 3 -rae th y lad en in e ; 7~MG, 7-n iethy lguan ine, G, guan ine; 
6 6A, Adenine; 0-MG, 0-m ethy lguanine .
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3 »5» Changes A f te r  P a r t i a l  Hepatectomy
3*5.1» E xperim en ta l P ro to c o l
P a r t i a l  hepatec to m ies  were perform ed so t h a t  a d u lt  l i v e r  d u ring  
re g e n e ra tio n  cou ld  be compared to  b o th  l i v e r  du rin g  c a rc in o g e n e s is  and 
during  developm ent. Thus th e  e x te n t to  which no t on ly  tu m o rig en es is  
r e f l e c t s  t i s s u e  renew al b u t a ls o  d e d i f f e r e n t i a t e d ,  c h a r a c te r i s t i c s  
a re  s q u ire d  d u rin g  t i s s u e  renew al cou ld  be in v e s t ig a te d .  A lso , f u r th e r  
t e s t i n g  of G reen ste irfs  h y p o th e s is  (which has been s u b s ta n t ia te d  by 
Knox) t h a t  on th e  one hand, f o e t a l  and tumour l i v e r s  resem ble each 
o th e r  and on th e  o th e r  hand, a re  d i f f e r e n t  from  re g e n e ra tin g  and r e s t in g  
a d u lt  l i v e r  which resem ble each o th e r  in  tu rn  Could be perform ed.
H ats were p a r t i a l l y  h ep atec tom ised  and sham o p e ra ted  a s  d e sc r ib e d  
in  th e  methods s e c t io n  and t h e i r  l i v e r s  were examined a t  th e  fo llo w in g  
in te r v a l s  a f t e r  o p e ra tio n : e ig h te e n  h o u rs , tw en ty -fo u r h o u rs , f o r t y -  
e ig h t h o u rs , th r e e ,  f iv e  and seven days.
3*5*2. Changes in  L iv e r  H is to lo g y  and H is to ch em is try  A fte r  P a r t i a l  
Hepatectomy
At e ig h te e n  hours p o s t o p e ra tio n  no m ito ses  cou ld  be seen , a s  
expec ted , b u t many o f th e  n u c le i  o f th e  h ep a to cy te s  appeared  e n la rg ed  
and hypochrom atic w ith  prom inent n u c le o l i .  Some c e l l s  had condensed 
cytoplasm  and n u c le i .  A s t r ik in g  f e a tu r e  was th e  abundance o f f a t ,  
p r in c ip a l ly  p e r ip o r t a l ly  (P la te  5 * l ) • T h is  f e a tu r e  was n o t observed  
in  c o n tro l  an im a ls .
By tw e n ty -fo u r  hours p o s t o p e ra tio n  a  few m ito ses  could  be seen  
p r in c ip a l ly  in  zones 1 and 2 . O ther n u c le a r  changes were s im i la r  to  
th o se  seen a t  e ig h te e n  hours (P la te  5 *2 ). There appeared  to  be some s l i g h t  
s in u s o id a l  d i l a t i o n  c e n t r i lo b u la r ly  and in  zone 2 th e  h ep a to cy te s  
showed a  'c o b b le s to n e ' arrangem ent (P la te  5*3 ) • L ip id  d e p o s it io n , 
p r e f e r e n t i a l l y  in  zone 1 was g r e a te r  th a n  normal b u t reduced  compared 
w ith  e ig h te e n  hours a f t e r  hepatectom y.
Glycogen d e p o s it io n  was reduced  o v e ra l l  and p a r t i c u la r ly  in  zone 
1, w ith  s im ila r  changes being  observed f o r  g lu co se  6 -phosphatase
179
Cv
PLATE 5 . 1  L i v e r  o f  r a t  e i g h t e e n  h o u r s  a f t e r  p a r t i a l  h e p a t e c t o m y .  F a t  
d e p o s i t i o n  i n  z o n e  1 .  C . v . ,  c e n t r a l  v e i n :  P . t . ,  p o r t a l  t r a c t .  U n f i x e d
f r o z e n  t i s s u e :  0R 0  1 0 0 X  m a g .
PLATE 5 . 2  M i t o t i c  f i g u r e  a n d  ' e m p t y '  l o o k i n g  n u c l e i  i n  t h e  l i v e r  2 ^  
h o u r s  a f t e r  p a r t i a l  h e p a t e c t o m y .  H & E ^OOX m a g .
PLATE 5 * 3  L i v e r  o f  r a t  t w e n t y - f o u r  h o u r s  a f t e r  p a r t i a l  h e p a t e c t o m y .  
H e p a t o c y t e s  s h o w  a  ' c o b b l e s t o n e 1 a r r a n g e m e n t .  F i x e d  t i s s u e :  H & E  
1 0 0 X  m a g .
a c t i v i t y  i . e .  reduced  and s h i f te d  from a predominance in  zone 1 to  
zone 3 ( P la te s  5«^»5*5)« G lutam ate dehydrogenase a c t i v i t y  was reduced  
in  zone 1 (P la te  5 .6 ) ,  so th a t  hepatec tom ised  an im als had a l e s s  even 
d i s t r i b u t io n  th a n  sham and no n -o p era ted  c o n tro l  an im a ls . Both m alic  
and g lucose  6-phosphate  dehydrogenase a re  lo c a te d  p r e f e r e n t i a l ly  in  
zone 3 i n normal an im als and t h i s  d i s t r ib u t io n  was u n a lte re d  by 
p a r t i a l  hepatectom y. The a c t i v i t y  of. th e se  enzymes was reduced  compared 
to  sham -operated  c o n tro ls .
The 'c o b b le s to n e ' arrangem ent of th e  h ep a to cy te s  was d im in ished  
by f o r ty - e ig h t  hours p o s t hepatectom y a lth o u g h  in  some a re a s ,  cords 
could  n o t be d is t in g u is h e d . M itoses were abundant and evenly  sp read  
th ro u g h o u t th e  t i s s u e .  Non m ito t ic  n u c le i  were v a r ia b le  in  s iz e  and 
appearance; some were la rg e  and hypochrom atic w ith  prom inent n u c le o l i  
and n u c le a r  m argin , o th e rs  were sm a lle r  and hyperchrom atic . Many 
c e l l s  c o n ta in ed  vacu o les  b u t l i p i d  d e p o s it io n  was reduced  compared to  
e a r l i e r  tim e p o in ts  a lth o u g h  h ig h e r th an  norm al.
By th re e  days p o s t hepatectom y b i l e  duc t (P la te  5*7) p r o l i f e r a t i o n  
was observed  and th e  s in u so id s  were d i l a t e d  p e r ip o r ta l ly .  The 
h ep a to cy te s  appeared  en la rg ed  w ith  more e o s in o p h il ic  cytoplasm  th a n  
c o n tro l  a n im a ls . Fewer m ito ses  could  be seen  and few er a l t e r e d  non 
m ito t ic  n u c le i  were observed . L ip id  d e p o s it io n  was r e s t r i c t e d  to  a  
sm all band of h e p a to c y te s  around th e  p o r ta l  t r a c t s . The d e p o s it io n  of 
g lycogen was red u ced  a s  compared w ith  th e  sham o p e ra ted  an im als and 
lo c a te d  p redom inan tly  in  zone 3* Glucose 6 -phosphatase  a c t i v i t y  was 
r e s to r e d  in  th e  p e r ip o r t a l  re g io n s  o f th e  lo b u le  by t h i s  tim e and in  
f a c t  th e  a c t i v i t y  o f t h i s  enzyme was s im i la r  in  a l l  th e  zones o f th e  
f u n c t io n a l  l i v e r  a c in u s . G lutam ate dehydrogenase rem ained reduced  
in  th e  p e r ip o r ta l  r e g io n s . M alic enzyme and g lu co se  6-phosphate  
dehydrogenase were b o th  reduced  in  a c t i v i t y  compared to  c o n tro l an im als 
b u t t h e i r  lo b u la r  d i s t r i b u t io n  rem ained u n a l te re d .
B ile  duct p r o l i f e r a t i o n  could  s t i l l  be seen  a t  f iv e  days a f t e r  
th e  o p e ra tio n , though to  a  l e s s e r  e x te n t th a n  a t  th re e  days. M ito ses 
were more in f r e q u e n t ,  though s t i l l  p re s e n t ,  and few a l t e r e d  non- 
m ito t ic  n u c le i  cou ld  be seen . L ip id  d e p o s it io n  was no g r e a te r  th an  
norm al. Glycogen d e p o s it io n  a t  t h i s  tim e was s t i l l  reduced  and lo c a te d  
p r e f e r e n t i a l l y  in  zone 3 a lth o u g h  g lucose  6 -phosphatase  appeared  to  have
PLATE 5 . ^  L i v e r  o f  r a t  t w e n t y - f o u r  h o u r s  a f t e r  p a r t i a l  h e p a t e c t o m y .  
G l y c o g e n  d e p o s i t i o n  i s  r e d u c e d  i n  z o n e  1 .  C . v . ,  c e n t r a l  v e i n :  P . t . ,
p o r t a l  t r a c t .  U n f i x e d  f r o z e n  t i s s u e :  PAS ^OX m a g .
Cv
*
Ft
X1
PLATE 5.5 S a m e t i s s u e  a s  P l a t e  5*3* G l u c o s e  6 - p h o s p h a t a s e  i s  s h i f t e d  
f r o m  p r e d o m i n a n t l y  z o n e  1 t o  z o n e  3 » m a g .
PLATE 5*6 S a m e t i s s u e  a s  P l a t e  5*3* G l u t a m a t e  d e h y d r o g e n a s e  a c t i v i t y  
i n  z o n e  1 i s  l e s s  t h a n  n o r m a l .  4 0 X  m a g .
PLATE 5»?  L i v e r  o f  r a t  t h r e e  d a y s  a f t e r  p a r t i a l  h e p a t e c t o m y .  B i l e  
d u c t  p r o l i f e r a t i o n .  F i x e d  t i s s u e :  H & E ^OX m a g .
a s l i g h t l y  h ig h e r  a c t i v i t y  in  zone 1 compared to  zone 3* The a c t i v i t i e s  
and lo b u la r  d i s t r i b u t io n  o f g lu tam ate  dehydrogenase and g lucose  6 - 
phosphate  dehydrogenase were s im ila r  in  p a r t i a l l y  hepatec tom ised  an im als  
to  sham o p e ra ted  an im a ls . M alic  enzyme a c t i v i t y  appeared  in c re a se d  
in  th e  p a r t i a l l y  hepatec tom ised  an im als .
A f te r  seven days a f t e r  th e  o p e ra tio n  a  few m ito tic  f ig u r e s  
could  s t i l l  be seen b u t th e  h ep a to cy te s  appeared  in d is t in g u is h a b le  
from th o se  o f c o n tro l  an im als  and th e re  was no evidence of any b i l e  
duct p r o l i f e r a t i o n .  The g lycogen d e p o s its  were r e s to re d  to  normal 
q u a n t i ty  a lth o u g h  i t  s t i l l  appeared  th a t  th e  h e a v ie s t  d e p o s its  were in  
zones 2 and 3* No s ig n i f ic a n t  f a t  accum ulation  cou ld  be d e te c te d . 
G lucose 6 -phosphatase  had re g a in e d  i t s  normal lo b u la r  d i s t r ib u t io n ,  
i . e .  more a c t iv e  in  zone 1 th a n  zones 2 and 3» an<l th e  o th e r  enzymes 
appeared  to  have normal a c t i v i t i e s  and d i s t r ib u t io n .
3 .5 .3 *  L iv e r  Growth Follow ing  P a r t i a l  Hepatectomy
The change in  th e  r e l a t i v e  l i v e r  weight'' o f th e  p a r t i a l l y  h ep a tec ­
tom ised  r a t s  compared to  sham o p e ra ted  c o n tro l r a t s  du ring  th e  course  
o f th e  experim ent i s  shown in  F ig . 3»5*1. The r e l a t i v e  l i v e r  w eigh t o f 
p a r t i a l l y  hepatectom ised- r a t s  two and th re e  weeks a f t e r  o p e ra tio n  a re  
a ls o  shown. The l i v e r  in c re a se d  r a p id ly  in  s iz e  between e ig h te e n  and 
seven ty-tw o hou rs a f t e r  th e  o p e ra tio n  from l e s s  th a n  0^% to  more th a n  
8 ($  o f th e  sham o p e ra ted  c o n tro l .  T h is  f in d in g  a g re e s  w e ll w ith  th e  
o b se rv a tio n  th a t  th e  g r e a te s t  m i to t ic  a c t i v i t y  was between tw e n ty -fo u r  
and seven ty-tw o h o u rs . The grow th of th e  l i v e r  l e v e l le d  o f f  a f t e r  3 
days so t h a t  th e  r e l a t i v e  l i v e r  w eight o f th e  p a r t i a l l y  hepatec to m ised  
an im als  was s t i l l  s l i g h t l y  l e s s  th a n  normal th re e  weeks a f t e r  th e  
o p e ra tio n .
3 .5 .^ .  Enzyme Changes During L iv e r  R egenera tion
The changes in  enzyme a c t i v i t y  d u ring  l i v e r  r e g e n e ra t io n  a re  shown 
in  T able  3 * 5 .1 . and in  F ig . 3 * 5 .2 . i  -  ix ,  where th e  r e s u l t s  a re  
ex p ressed  a s  no rm alised  l i v e r  u n i t s  by com parison w ith  sham o p e ra ted  
a n im a ls .
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F ig u re  3*5*2. Changes in  Enzyme A c t iv i t i e s  During L iv e r  R egenera tion
E rro r  h a rs  r e p re s e n t  mean ± SEM of th e  V alues converted  to  no rm alised  
l i v e r  u n i t s  (L .U .) by com parison w ith  sham o p e ra ted  c o n tro ls .
F ig u re s  on a b s c is s a  re p re s e n t  tim e a f t e r  p a r t i a l  hepatectom y.
( i )  TK; Thymidine k in ase
( i i )  HK; Hexokinase
( i i i )  G6PDH; G lucose 6 -phosphate  dehydrogenase
( iv )  GDH; G lutam ate dehydrogenase
(v) AAT; A sp a rta te  a m in o tra n sfe rase
( v i )  G6Pase; G lucose 6 -phosphatase
( v i i )  '  PEPCKj phosphoenolpyruvate carboxykinase
( v i i i )  GK; G lucokinase
( ix )  M alic ; M alic  enzyme
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As expec ted  from  th e  grow th curve (F ig . 3*5»1») and th e  observed  
m ito t ic  r a t e ,  thym id ine k in a se  was s ig n i f i c a n t ly  e le v a te d  f o r  th e  
f i r s t  th re e .d a y s  a f t e r  th e  o p e ra tio n  and th e r e a f t e r  was no t s ig n i f i c a n t ly  
d i f f e r e n t  from c o n tro ls .  DNA s y n th e s is  s t a r t s  between tw elve and 
f i f t e e n  hours po st-h ep atec to m y  and re a ch e s  a  peak between tw enty  and 
tw e n ty -fo u r hours (Leduc, 1964) however, thym idine k in ase  was s t i l l  
e le v a te d  a t  f o r ty - e ig h t  hours po st-h ep atec to m y .
G lucose 6 -phosphate  dehydrogenase was e le v a te d  a t  e ig h te e n  hours 
b u t t h i s  was n o t s ig n i f i c a n t ly  d i f f e r e n t  from c o n tro ls .  There was a  
re d u c tio n  a t  b o th  tw en ty -fo u r and f o r ty - e ig h t  hours b u t ag a in  t h i s  
was n o t s ig n i f i c a n t .  There was an in c re a s e , no t s ig n i f i c a n t ,  observed  
a t  th e  f iv e  day p o s t o p e ra tio n  tim e p o in t .  S im ila r  changes were 
observed  f o r  m alic  enzyme excep t t h a t  th e  re d u c tio n  a t  tw e n ty -fo p r , 
f o r ty - e ig h t  and seven ty -tw o  hours was s ig n i f ic a n t  a s  Was th e  in c re a s e  
observed  a t  f iv e  days.
Phosphoenolpyruvate carboxykinase a c t i v i t y  was s ig n i f i c a n t ly  
in c re a s e d  a t  e ig h te e n  hours and g lu co k in ase  was s ig n i f i c a n t ly  d ecreased  
a t  t h i s  t im e . T h is , to g e th e r  w ith  th e  o b se rv a tio n  th a t  g lucose  6 - 
phsophatase  and hexokinase a c t i v i t i e s  were n o t s ig n i f ic a n t ly  d i f f e r e n t  
from c o n tro l v a lu e s , r e f l e c t s  th e  in c re a se d  g luconeogen ic , d ec reased  
g ly c o ly t ic  c a p a c ity  o f th e  l i v e r  rem nant f o r  th e  m aintenance o f c o n s ta n t 
b lood sugar l e v e l s .  Phospoenolpyruvate carboxykinase  rem ained e le v a te d , 
though t h i s  was n o t s ig n i f i c a n t ,  a t  a l l  o th e r  tim e p o in ts  ex cep t f o r  
th e  th re e  day in t e r v a l  where i t  was s ig n i f i c a n t ly  reduced . G lucose 6 -  
phosphatase  was a ls o  a t  i t s  minimum va lu e  a t  th re e  days and so was 
g lu co k in ase  b u t hexokinase was e le v a te d  s ig n i f i c a n t ly .  G lucose 6 - 
phosphatase  d ec rea sed  ra p id ly  d u ring  th e  m ito t ic  phase o f l i v e r  re g e n ­
e r a t io n  bu t l e v e l s  were r e s to r e d  to  n e a r  norm al between f iv e  and seven 
days a f t e r  th e  o p e ra tio n .
There was a  g rad u a l in c re a se  in  hexokinase a c t i v i t y  f o r  th e  
f i r s t  f iv e  days p o s t hepatectom y which was s ig n i f ic a n t  from f o r t y -  
e ig h t hours u n t i l  th e  maximum p o in t a t  f iv e  days. By seven days th e  
a c t i v i t y  of h exok inase , l i k e  a l l  th e  o th e r  enzymes s tu d ie d  was no t 
s ig n i f i c a n t ly  d i f f e r e n t  from c o n tro l an im a ls .
The changes in  a c t i v i t y ,  du rin g  re g e n e ra t io n , of a s p a r ta te  amino­
t r a n s f e r a s e  and g lu tam ate  dehydrogenase were s im i la r .  An i n i t i a l
d ecrea se  o:f a c t i v i t y  a t  e ig h te en  hours was p a r t i a l l y  r e s to re d  a t  tw en ty - 
fo u r  hours t h i s  was fo llo w ed  by a f u r th e r  p e r io d  of decreased  a c t i v i t y  
between f o r ty - e ig h t  hours and f iv e  days p o s t o p e ra tio n , n ear normal 
v a lu e s  being  ach iev ed  one week a f t e r  th e  o p e ra tio n . T h is c o r r e l  a te s  
w e ll w ith  th e  f in d in g  th a t  u rea  ou tpu t by th e  l i v e r  i s  d im in ished  
a f t e r  p a r t i a l  hepatectom y (Leduc, 1964).
3 .5«5 . S t a t i s t i c a l  A n a ly sis  o f th e  Enzyme Data
So t h a t  com parison of th e  re g e n e ra tin g  l i v e r  w ith  th e  l i v e r  du rin g  
developm ent and c a rc in o g e n e s is  cou ld  be made Spearm an's Rank C o rre la tio n  
a n a ly s is  was a p p lie d  and th e  r e s u l t s  a re  shown in  T able 3»5»2.
Up to ,  and in c lu d in g  f o r ty - e ig h t  hours a f t e r  hepatectom y th e  
l i v e r  showed s ig n i f ic a n t  c o r r e la t io n  w ith  th e  l i v e r  o f th e  newborn 
anim al and th e  f iv e  day p o s t parturn an im al. In  a d d it io n , s ig n i f ic a n t  
c o r r e la t io n  w ith  th e  f o e t a l  l i v e r  was shown by re g e n e ra tin g  l i v e r  a t  
f o r ty - e ig h t  hours and th re e  days a f t e r  hepatectom y. At th re e  days 
a f t e r  o p e ra tio n  th e  a s s o c ia t io n  w ith  f o e t a l  l i v e r  was th e  only  s ig n i f ic a n t  
a s s o c ia t io n  w ith  developm ent. At tw e n ty -fo u r and f o r ty - e ig h t  h o u rs , 
th e  re g e n e ra tin g  l i v e r  was s ig n i f i c a n t ly  c o r r e la te d  w ith  th e  l i v e r  a t  
b o th  te n  and f i f t e e n  days p o s t parturn. No s ig n i f ic a n t  c o r r e la t io n  w ith  
any s ta g e  o f developm ent was shown by th e  re g e n e ra tin g  l i v e r  f iv e  days 
a f t e r  th e  o p e ra tio n , b u t on th e  seven th  p o s t o p e ra tiv e  day th e  c o r r e la t io n  
w ith  th e  l i v e r  of th e  f iv e -d a y  o ld  r a t  was s ig n i f i c a n t .
I t  seems th a t  a f t e r  hepatectom y du rin g  th e  e a r ly  p a r t  o f th e  phase 
o f r a p id  growth th e  l i v e r  b e a rs  a  d i s t i n c t  s im i la r i ty  w ith  th e  l i v e r  o f 
th e  p e r in a ta l  an im al and tow ards th e  end of t h i s  phase th e  s im i l a r i t y  
w ith  f o e t a l  l i v e r  becomes more pronounced. Then, d u ring  th e  slow 
growing phase th e  p a t te r n  o f enzyme a c t i v i t y  resem bles t h a t  o f th e  
l i v e r  o f th e  f iv e -d a y  o ld  anim al a g a in .
The l i v e r  th r e e  days a f t e r  p a r t i a l  hepatectom y showed a  s ig n i f i c a n t  
c o r r e la t io n  w ith  th e  non-tum ourous p o r t io n s  o f l i v e r  of th e  an im als 
w ith  la rg e  l i v e r  tum ours produced by phenobarbitorie  prom otion o f 
d ie th y ln itro s a m in e - in d u c tio n . R egenera ting  l i v e r  a t  e ig h te en  h o u rs , 
f o r ty - e ig h t  h o u rs , f iv e  and seven days a f t e r  th e  o p e ra tio n  showed 
s ig n i f ic a n t  c o r r e la t io n  w ith  th e  tum ours of th e  tw o -stag e  c a rc in o g e n e s is
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experim ent. S im i la r i ty  in  enzyme p a t te r n  between re g e n e ra tin g  l i v e r  
and d u rin g  tw o -s tag e  h e p a to c a rc in o g en e s is  was observed only o c c a s io n a lly  
v iz : re g e n e ra tin g  l i v e r  a t  f iv e  and seven days a f t e r  th e  o p e ra tio n  was 
s im i la r  to  th e  l i v e r  o f an im als  d u ring  th e  tw o -stag e  ca rc in o g e n e s is  
experim ent a t  tw e n ty -fo u r  weeks and th e  c o r r e la t io n  between th e  l i v e r  
d u ring  tw o -s tag e  c a rc in o g e n e s is  a t  th i r ty - tw o  weeks and th e  l i v e r  
e ig h te e n  hours a f t e r  p a r t i a l  hepatectom y was s ig n i f ic a n t .
No s ig n i f ic a n t  c o r r e la t io n s  were seen  in  th e  enzyme p a t te r n  of 
re g e n e ra tin g  l i v e r  and th e  l i v e r  du rin g  ch ro n ic  phenobarb itone fe e d in g .
There was a  s ig n i f ic a n t  c o r r e la t io n  observed  between th e  l i v e r  
a t  tw e n ty -fo u r and f o r ty - e ig h t  hours p o s t hepatectom y and th e  group 2 
an im als ( th o se  which had re c e iv e d  d ie th y ln itro sa m in e  f o r  one week b u t 
no f u r th e r  tre a tm e n t)  a t  tw e n ty -fo u r and th i r ty - tw o  weeks.
3*6. T ra n sp la n ta b le  Tumours and th e  Host L iv e r  of Tumour-Bearing
Animals
3*6.1 E xperim en ta l P ro to c o l
In  th e  ch ro n ic  d ie th y ln itro sa m in e  fe e d in g  study  th e re  i s  th e  
p o s s i b i l i t y  t h a t  some of th e  changes observed m a y .re f le c t  a  non­
s p e c i f i c  to x ic  e f f e c t  of th e  ca rc in o g e n ic  changes a lo n e . In  o rd e r 
to  in v e s t ig a te  t h i s  problem  and f u r th e r  in v e s t ig a te  th e  f o e t a l  a s p e c ts  
o f c a rc in o g e n e s is , two t r a n s p la n ta b le  tumours of d i f f e r e n t  growth 
r a t e s  were s tu d ie d . The h o s t l i v e r s  of tum our-bearing  r a t s  were 
a ls o  s tu d ie d  a s  th e re  has been some su g g es tio n  t h a t  th e  tumour w i l l  
induce d e d i f f e r e n t ia t io n  in  th e  h o s t l i v e r  of tum our-bearing  r a t s  
( in t ro d u c t io n  S e c tio n  1 .3*^)•
3 .6 .2 .  H is to lo g ic a l  Exam ination o f th e  Tumours and th e  Host L iv e rs
a ) R apid ly-grow ing Tumour (UA)
The c e l l s  o f t h i s  tumour were sm all and b a so p h il ic  w ith  a  h igh  
n u c le a r /c y to p la sm ic  r a t i o  (P la te  6 . 1 . ) .  In  some a re a s  c lo se  to  th e  
b lood v e s s e ls  th e  c e l l s  appeared  to  be a rran g ed  in  co rd s , in  o th e r  
a re a s  th e  c e l l s  were a rran g ed  in  is la n d s  and elsew here th e  arrangem ent 
o f th e  c e l l s  was amorphous w ith  i n d i s t i n c t  c e l l u l a r  ju n c tio n s . V ir tu a l ly  
no e n d o th e l ia l  t i s s u e  could  be seen  even n ea r th e  blood v e s s e ls .  F u r th e r  
away from  th e  b lood  v e s s e ls  la rg e  n e c r o t ic  a re a s  were a p p a re n t. The 
m a jo r ity  of n u c le i  were very  hypochrom atic w ith  ve ry  hyperchrom atic  
m argins and n u c le o l i  g iv in g  them an ’empty’ appearance a s  d e sc r ib e d  
e a r l i e r ,  t h i s  'em pty ' look  was very  much ex ag g era ted  in  some o f th e  
c e l l s  (P la te  6 .2 ) .  Some o f th e  n u c le i  were v e ry  la rg e  and numerous 
m ito ses  cou ld  be seen  p a r t i c u l a r ly  around th e  p e rip h e ry  of th e  tum our. 
There was no g lycogen d e te c ta b le  in  th e  t i s s u e  and l i p i d  d e p o s it io n  
was m ostly  r e s t r i c t e d  to  a  few a re a s  o f n ecro sin g  c e l l s .
197
PLATE 6 . 1  UA t u m o u r ,  t h r e e  w e e k s  p o s t - i m p l a n t a t i o n .  S m a l l  b a s o p h i l i c  
c e l l s  w i t h  h i g h  n u c l e a r / c y t o p l a s m i c  r a t i o .  F i x e d  t i s s u e :  H & E ^OOX m a g .
yfO \
t  r  » -  s s . *
PLATE 6.2 UA tumour, three weeks post-implantation. ’Empty’ looking
nuclei. Fixed tissue: H & E/000X mag.
b) Slow-growing Tumour (WDA)
The cy to p lasm ic  e o s in o p h i l ia /b a s o p h i l ia  was s im ila r  to  normal 
h ep a to cy te s  and a lth o u g h  the  n u c lea r/c y to p la sm ic  r a t i o  was s l i g h t ly  
g r e a te r  th an  normal t h i s  was no t so pronounced a s  in  th e  UA tum our. 
Again th e  n u c le i  had a  s t r ik in g ly  'em pty ' appearance (P la te  6 .3 )* 
There were many m ito se s , some were abnorm al. The cytoplasm  of some 
c e l l s  was v a c u o la te d  v a ry in g  from v ery  f in e  v a c u o la tio n  to  la rg e  
f a t t y  v acu o le s .
The c e l l s  m ostly  showed an amorphous arrangem ent (P la te  6 .4 )  
though in  some a re a s  a  t r a b e c u la r  arrangem ent was a p p a ren t. K upffer 
c e l l s  cou ld  n o t be seen .
Glycogen was no t d e te c ta b le  in  th e  tumour though some PAS 
p o s i t iv e  m a te r ia l ,  p robab ly  m ucopolysaccharides, was found n e a r some 
b lood v e s s e ls .  L ip id  d ro p le ts  were ap p aren t no t on ly  in  n e c ro t ic  
a re a s  b u t a ls o  in  c e l l s  a d ja c e n t to  th e  b lood v e s s e ls  and a ls o  some 
o th e r  a re a s  ( P la te  6 .5 )*
c) Host L iv e rs  o f Tum our-bearing R ats
There was no d e te c ta b le  d if fe re n c e  in  th e  h is to lo g y  of th e  h o s t 
l i v e r s  of r a t s ,  b e a r in g  e i th e r  ty p e  o f tum our, from  c o n tro l a n im a ls . 
There seemed to  be a  re d u c tio n  in  g lycogen co n ten t in  th e  l i v e r s - o f  
r a t s  b e a rin g  th e  UA tumour w ith  a  fo cu s  of glycogen d e f ic ie n t  c e l l s  
seen in  one an im al ( P la te  6 .6 ) .  L ip id  d e p o s it io n  was normal in  b o th  
th e  h o s t l i v e r  o f th e  UA tum our-bearing  r a t  and th e  h o s t l i v e r  o f th e  
WDA tum o u r-b earin g  r a t .
3 .6 .3 .  Enzyme P r o f i l e s  of th e  Tumours and Host L iv e rs
a )  UA Tumour and th e  Host L iv e r of th e  UA Tum our-bearing R at
The tum ours were s tu d ie d  a t  th e  end o f th e  t h i r d  week a f t e r  
im p la n ta tio n , when th e  tumour i s  very  la rg e  (abou t th re e  tim es  a s  
la rg e  a s  th e  l i v e r )  and ready  f o r  t r a n s p la n ta t io n .  They were a ls o  
s tu d ie d  two weeks a f t e r  im p la n ta tio n  when th e y  a re  about 25% of t h e i r
PLATE 6 . 3  WDA t u m o u r  f o u r  w e e k s  p o s t - i m p l a n t a t i o n .  'E m p t y '  l o o k i n g  
n u c l e i  a n d  f a t  v a c u o l e s .  F i x e d  t i s s u e :  H & E ^OOX m a g .
PLATE 6.^ WDA tumour four weeks post-implantation. Hepatocytes in
an amorphous arrangement. Fixed tissue: H & E 100X mag.
PLATE 6.5 WDA tumour four weeks post-implantation. Lipid deposition
in non-necrotic area. Fixed tissue: 0R0 ^OX mag.
/
I ' • - ' ” % ' v .  . . ;
PLATE 6 . 6  F o c u s  o f  g l y c o g e n  d e f i c i e n t  h e p a t o c y t e s  i n  t h e  l i v e r  o f  a n  
a n i m a l  b e a r i n g  t h e  UA t u m o u r  t h r e e  w e e k s  p o s t - i m p l a n t a t i o n .  F i x e d  
t i s s u e :  PAS ^OX m a g .
s iz e  a t  th re e  weeks p o s t- im p la n ta t io n . The h o s t l i v e r s  of th e  tum our- 
b ea rin g  r a t s  were a ls o  s tu d ie d  a t  th e se  two tim e p o in ts .  The r e s u l t s  
o f th e  enzym atic a n a ly s is  a re  shown in  T able 3*6.1•
The h o s t l i v e r  o f th e  anim al b e a rin g  a tumour two weeks p o s t-  
im p la n ta tio n  shows no s ig n i f ic a n t  d if f e re n c e  in  enzyme a c t i v i t y ,  
excep t f o r  m alic  enzyme which i s  s ig n i f i c a n t ly  reduced , compared to  
c o n tro l l i v e r s .  A f te r  th e  t h i r d  week a f t e r  im p la n ta tio n  o f th e  tumour 
th e  h o s t l i v e r  shows a  s ig n i f ic a n t  re d u c tio n  in  g lucose  6-phosphate 
dehydrogenase and m alic  enzyme a t  th e  95$ le v e l  and an in c re a se  in  
thym idine k in a se  s ig n i f ic a n t  a t  th e  90$ l e v e l .  No s ig n i f ic a n t  d if f e r e n c e s  
a re  seen  w ith  th e  o th e r  enzymes.
The r e l a t i v e  l i v e r  w eight i s  s ig n i f i c a n t ly  reduced  in  th e  host 
an im als compared to  c o n tro l  an im als a t  b o th  two and th re e  weeks p o s t­
im p la n ta tio n  .
As expec ted , th e  tumour t i s s u e  showed s ig n i f ic a n t  a l t e r a t i o n ,  in  
a l l  th e  enzymes, compared w ith  c o n tro l liv e r- , and th e  changes were o f 
s im ila r  type  b o th  two and th re e  weeks p o s t- im p la n ta tio n . The m agnitude 
o f change was on th e  whole l a r g e r  th r e e  weeks p o s t- im p la n ta tio n  th a n  
two weeks p o s t- im p la n ta t io n .
Thymidine k in a se , g lucose  6-phosphate  dehydrogenase and hexokinase 
were s ig n i f i c a n t ly  e le v a te d  in  th e  tumour t i s s u e  and a l l  th e  o th e r  
enzymes were s ig n i f i c a n t ly  reduced  compared w ith  norm al l i v e r .
b) WDA Tumour and th e  Host L iv e rs  o f th e  WDA Tum our-bearing R at
The tum ours and h o s t l i v e r s  were examined fo u r  weeks p o s t ­
im p la n ta tio n  when th e  tumour s iz e  was about 150/o o f th e  h o s t l i v e r .
The r e s u l t s  o f th e  enzym atic a n a ly s is  o f th e  t i s s u e  a re  shown in  Table
3 * 6 .2o
I n  th e  h o s t l i v e r  of th e  tum our-bearing  r a t s  th e re  was a 
re d u c tio n  in  m alic  enzyme and in  l i v e r  w e ig h t, a l l  o th e r  changes were 
n o t s ig n i f i c a n t .  In  th e  tumour t i s s u e  th e re  were s ig n i f ic a n t  in c re a s e s  
in  thym idine k in a se , hexokinase and g lu co se  6 -phosphate  dehydrogenase 
and re d u c tio n s  in  th e  a c t i v i t i e s  of th e  o th e r  enzymes measured excep t 
m alic  enzyme which was no t s ig n i f i c a n t ly  d i f f e r e n t  from c o n tro ls .
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3 .6 A . A n a ly sis  o f th e  Enzyme D ata by Spearm an's Bank C o rre la tio n
The enzyme a c t i v i t i e s  were co n v erted  to  no rm alised  l i v e r  u n i t s  
by com parison w ith  c o n tro l an im als  and a n a ly sed  by Spearm an's Rank 
C o rre la t io n  a s  d e sc rib e d  p re v io u s ly . The r e s u l t s  of th e  a n a ly s is  a re  
shown in  T able 3»6»3» The tum ours show s ig n i f ic a n t  c o r r e la t io n  w ith  
f o e t a l  t i s s u e ,  b u t no o th e r  s tag e  o f developm ent, w ith  th e  l i v e r s  of 
an im als  fe d  w ith  d ie th y ln itro sa m in e  f o r  e lev en  weeks and th e  tum ours 
produced by phenobarb itone  prom otion of d ie th y ln itro sa m in e  c a rc in o ­
g e n e s is .  Of th e  two t r a n s p la n ta b le  tum ours WDA, th e  slow growing tum our, 
showed th e  most s ig n i f ic a n t  c o r r e la t io n  w ith  th e  p rim ary  tum ours 
induced  by d ie th y ln itro sa m in e . The t r a n s p la n ta b le  tum ours, e s p e c ia l ly  
UA, a ls o  showed s ig n i f i c a n t  c o r r e la t io n  w ith  re g e n e ra tin g  l i v e r  a f t e r  
p a r t i a l  hepatectom y. The h o s t l i v e r  o f th e  WDA tum our-bearing  r a t  was 
c o r r e la te d  w ith  non-hepatoma a re a s  o f l i v e r  o f r a t s  b ea rin g  hepatom as 
induced  by th e  tw o -s tag e  c a rc in o g e n e s is  experim ent b u t t h i s  was 
s ig n i f ic a n t  on ly  a t  th e  9Qf/o l e v e l .  The h o s t l i v e r  d id  no t c o r r e la te  
w ith  th e  o th e r  t i s s u e s  s tu d ie d . The h o s t l i v e r  o f th e  UA tum our- 
b e a rin g  r a t  c o r r e la te d  w ith  th e  w eanling anim al l i v e r  a t  th e  95%> l e v e l ,  
and f o e t a l  l i v e r  a t  th e  90% l e v e l  bu t d id  n o t c o r r e la te  s ig n i f i c a n t ly  
w ith  any o f th e  o th e r  t i s s u e s ,  in c lu d in g  th e  non-tum our l i v e r  o f 
an im als w ith  p rim ary  hepatom as.
3»6,.5» Changes i n  Enzyme A c tiv i ty  in  th e  L iv e r  D uring Pregnancy
R eports  t h a t  t r a n s p la n ta b le  tum ours induce enzyme d e d fffe re n tia tio n  
in  th e  h o s t l i v e r  and th e  o b se rv a tio n  t h a t  some d e d i f f e r e n t ia t io n  was 
induced  in  th e  l i v e r  o f th e  anim al c a r ry in g  th e  fa s t-g ro w in g  tumour 
le d  to  th e  s p e c u la tio n  th a t  an analogous s i t u a t io n  might be th e  
m ate rn a l l i v e r  d u rin g  pregnancy. To in v e s t ig a te  t h i s  p o s s i b i l i t y  
l i v e r s  o f 20-day  p reg n an t fem ales were a ssay ed  and th e  enzyme a c t i v i t i e s  
compared w ith  non-p regnan t fem ales a s  shown in  T able
The p reg n an t fem ales a lth o u g h  showing d if f e r e n c e s  in  h e p a tic  
enzyme a c t i v i t y  compared to  c o n tro ls  do no t e x h ib i t  a  d e d i f f e r e n t ia te d  
enzyme p a t te r n .  T h is  was confirm ed by ran k  c o r r e la t io n  a n a ly s is  o f th e  
d a ta  (T ab le  3 06. 5 )• No s ig n i f ic a n t  c o r r e la t io n  was seen w ith  th e  h o s t
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TABLE 3 .6 .4 .  Enzyme A c t iv i t i e s  in  20-Day P regnant and Control Females
C on tro l P regnant
Hexokinase 0 .25 ± 0 .04  0 .33  ±  0.04
G lucose 6-P hosphate 4 .2 3  ± 0 .53  2 .98  ± 0.44+
Dehydrogenase
G lutam ate Dehydrogenase 4 9 .4  ± 1 .6  37*8 ± 5*3
A sp a rta te  A m in o tran sfe rase  93*^ ± 2 . 0  122 ± 6**
G lucose 6-P hosphatase  13*3 ± 0 .5  8 . 1 ±  0.3***
G lucokinase 1 .78 ± 0.21 1 .90  ± 0.34
M alic enzyme 2 .56  ± 0.21 2 .52  ± 0.72
V alues r e p re s e n t  mean ± SEM of 4 o h se rv a tio n s  in  U/g t i s s u e  
■ S ta t is t ic a l ly  s ig n i f ic a n t  d if f e r e n c e s  a re  g iven  by:
+ p <  0 . 1 , * p < 0 . 05 , ** p < 0 . 01 , *** p < 0.005
TABLE 3 * 6 .5 . Spearm an's Rank C o rre la tio n  A n a ly sis  of th e  Enzyme 
P a t te rn  o f P regnan t Female L iv e r  w ith  O ther T issu es
Compared T issue
d f = 5
L iv e r of P regnan t Female 
Rs t
F o e ta l 0.2054 0.697
N eonatal / - 0.2232 - 0.512
5 days p o s t partum 0.1429 0.323
II II II 0.1071 0.241
H " »• -0 .0714 - 0.160
W eanling 0.4911 I . 26I
Host l i v e r  of UA tu m our-bearing  r a t 0 .5 1.291
.. •• .1 WDA ii it it 0.5357 1.419
R egenera ting  l i v e r 18 hours 0.3929 0.955
24 " 0.7143 2 . 282+
48 " 0.3571 0.855
3 days 0.3929 0.955
5 M O.366I 0.880
7 " 0.5357 1 .419
S t a t i s t i c a l  s ig n if ic a n c e  i s  g iven  by: p < 0 . 1 ,  * p <  0.05
l i v e r  o f th e  tum o u r-b earin g  r a t s ,  nor re g e n e ra tin g  l i v e r  a f t e r  p a r t i a l  
hepatectom y beyond th e  9Qffo l e v e l .
The c o r r e la t io n  w ith  re g e n e ra tin g  l i v e r  tw en ty -fo u r hours a f t e r  
o p e ra tio n  may be due to  th e  f a c t  t h a t  th e  l i v e r  o f th e  p regnan t fem ale 
i s  a  growing t i s s u e -
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4 .1 .  Comparison o f D eveloping and R egenera ting  Rat L iv e r, Rat L iv e r 
During C hronic D ie th y ln itro sa m in e -in d u c ed  H epatocarc inogenesis  
and T ra n sp la n ta b le  Rat H e p a to c e llu la r  Carcinomas
4 .1 .1 .  H is to lo g y  and H is to ch em is try
The h i s to lo g ic a l  appearance o f a d u lt  r a t  l i v e r  a s  d e sc r ib e d  in  
t h i s  t h e s i s  (S e c tio n  3 , 1 . 1 ,  a ) a g re e s ;  c lo s e ly  w ith  what i s  a lre a d y  
w ell-docum ented ( E l ia s ,  1963; Bloom and F aw cett, 1975) and w i l l  no t 
be d isc u sse d  f u r th e r .  The lo b u la r  lo c a l i s a t i o n  o f l i p i d s ,  glycogen 
and th e  enzymes assay ed  h is to c h e m ic a lly  (S e c tio n  3 * 1 a)  a ls o  ag re e s  
w e ll w ith  th e  o b se rv a tio n s  o f o th e rs  (R appaport, 19^3» W achstein, 1963? 
Jungermann and S asse , 1978; R ied er e t  aL , 1978; T eu tsch , 1978; W ilson, 
1978).
Most of th e  changes observed  d u ring  f o e t a l  and p o s tn a ta l  developm ent 
o f r a t  l i v e r  re p o r te d  h e re  (S e c tio n  3*l«l"b’»c) have a ls o  been reco rd ed  
by o th e r  w orkers f o r  v a r io u s  mammalian s p e c ie s . These changes in c lu d e : 
th e  g ra d u a l d ec rease  in  h aem ato p o ie tic  t i s s u e  d u ring  l a t e  f o e t a l  and 
e a r ly  n e o n a ta l p e r io d s  (Je ze q u e l e t  a l ., 1965; G reengard e t  aL , 1972); 
th e  g rad u a l developm ent of lo b u la r  a r c h i te c tu r e  (M cK ellar, 1949; W ilson 
e t  aL , I 963) ;  changes in  c e l l - s i z e ,  n u c le a r /c y to p la sm ic  r a t i o s  arid 
p lo id y  (M cK ellar, 19^9, D o lja n sk i, I960; Jezeq u e l e t  a l ., 1965) changes 
i n  l i v e r  w eight r e l a t i v e  to  body w eight and th e  m ito t ic  a c t i v i t y  of 
th e  h e p a to c y te s  (M cK ellar, 19^9, Rohr e t  a l ., 1971, Leeson and G u tts ,
1972) th e  b u ild -u p  o f g lycogen s to r e s  in  l a t e  f o e t a l  l i v e r ,  t h e i r  
r a p id  d e c lin e  im m ediate ly  a f t e r  b i r t h  and subsequent reaccu m u la tio n  
a t  weaning (Deane, 1944; S h e lle y , 1961; DuBois, 1963; J e z e q u e l ,e t  alL,
1965; P h i l l i p s  e t  aL , 1967; C hiu and P h i l l i p s ,  197^), t h i s  sequence 
a g re e s  c lo s e ly  w ith  b iochem ical measurements o f h e p a tic  glycogen ( S n e ll  
and  W alker, 1973)*
a ) A rc h i te c tu r a l  Arrangement o f H epatocytes
In  re g e n e ra tin g  l i v e r  a f t e r  p a r t i a l  hepatectom y th e  e a r l i e s t  changes
observed  were g lycogen d e p le t io n  and pronounced l i p i d  accum ulation  in  
th e  p e r ip o r ta l  re g io n  (S e c tio n  3 * 5 •2 .) a s  re p o r te d  by o th e rs  a s  a  r e s u l t  
o f p o s t-o p e ra t iv e  s t r e s s  ( f o r  r e f s ,  see Brinkmann e t  aL , 1978).
M itoses f i r s t  appeared  p e r ip o r ta l ly  th en  sp read  th roughou t th e  lo b u le  
(S e c tio n  3*5*2.; H arkness, 1952; Rabes e t  a l., 1975)* The normal 
l i v e r  a r c h i te c tu r e  o f th e  a d u l t  was l o s t  and the  h ep a to cy te s  assumed 
a  ’c o b b les to n e ' appearance (P la te  5*2 ). In  t h i s  re s p e c t th e  a r c h i t e c t ­
u r a l  arrangem ent became more ' im m ature' .
The a r c h i t e c tu r a l  arrangem ent of th e  h ep a to cy te s  in  th e  p re ­
n e o p la s t ic  nodu les  o f te n  appeared  d i f f e r e n t  from th a t .o b s e rv e d  in  th e  
r e s u l t in g  tum our. I n  th e  p re n e o p la s t ic  nodule th e  c e l l s  were a rran g ed  
am orphously ( P la te s  2 .1 1 , 2 .18 ) a s  seen a ls o  in  th e  embryonic l i v e r ,  
w hereas f r e q u e n tly  th e  tum ours e x h ib ite d  a  tw o -c e ll  th ic k  t r a b e c u la r  
arrangem ent ( P la te  2 .24 ) re m in isc e n t o f th e  l a t e  f o e t a l  o r n e o n a ta l 
l i v e r .  The hepatoma c e l l s  them selves were s im ila r  to  th e  l a t e  f o e ta l  
o r  n e o n a ta l h ep a to cy te  in  te rm s of a c id o p h i l ia  in  most cases  ( P la te s  
2 .1 8 , 2 . 2 2 , 2 . 26 , 1 . 15 , 1 . 17) t u t  in  o th e rs  th e y  were more b a s o p h il ic  
and s im i la r  to  th e  e a r ly  f o e t a l  h ep a to cy te  (P la te  2 .2 4 , 1 .1 2 ) .
The two t r a n p la n ta b le  hepatomas s tu d ie d  a ls o  e x h ib ite d  abnormal 
a r c h i te c tu r e .  The slow er growing t r a n s p la n ta b le  tumour (WDA) appeared  
s im i la r  to  th e  p rim ary  d ie th y ln itro sa m in e -in d u c e d  tumour in  te rm s of 
a c id o p h i l ia ,  c e l l - s i z e  and d i f f e r e n t i a t e d  appearance ( P la te s  2 .2 6 , 6 . 3 , 
6 .4 ) .  The r a p id ly  growing tumour (UA) was c h a ra c te r is e d  by sm a lle r  
b a s o p h il ic  c e l l s  and resem bled  th e  e a r ly  f o e t a l  h ep a to cy te s  to  a  
g r e a te r  e x te n t ( P la te s  6 .1 , 1 .1 2 ) .
b ) B i l i a r y  H y p erp lasia
L i t t l e  m ention i s  made in  th e  l i t e r a t u r e  o f b i l e  duct p r o l i f e r a t i o n  
o r  in c re a s in g  p e r ip o r ta l  v a sc u la tu re  during  developm ent a s  observed  
in  th e  p re s e n t work (S e c tio n  3*1*1* c ; P la te s  1 .2 4 , 1 .2 5 ) . Jezeq u e l 
e t  a l . ( 1965) observed  th a t  b i l e  d u c ts  were seen on ly  r a r e ly  in  th e  
f i r s t  tw e n ty -fo u r hours of p o s t - n a ta l  l i f e  o f th e  mouse. M cK ellar (19^9) 
observed  an in c re a s e  in  th e  number a s  w e ll a s  s iz e  o f th e  lo b u le s  in  
th e  p o s tn a ta l  p e r io d  and su ggested  th a t  t h i s  was b rought about b y .th e  
b ranch ing  o f th e  c e n t r a l  v e in s  and p o r ta l  t r a c t s .  S im ila r ly , W ilson
e t  a l . (1963) su ggested  t h a t  th e  developm ent o f venous channels and th e  
s in u so id a l netw ork by th e  ex p an s io n .o f v a sc u la r  elem ents was a s s o c ia te d  
w ith  an in c re a s e  in  th e  number o f lo b u le s  p o s tn a ta l ly .  S ince th e  
number of lo b u le s  in c re a s e s  p o s tn a ta l ly ,  th e  demand f o r  in c re a se d  
v a sc u la tu re  to  th e se  new lo b u le s  i s  th e  most l i k e ly  ex p lan a tio n  .fo r 
th e  in c re a s e  in  v a sc u la r  elem ents p e r ip o r ta l ly .  T h is  would seem to  
be su p ported  by th e  observed  b i l e  d u c t p r o l i f e r a t i o n  in  re g e n e ra tin g  
l i v e r  a f t e r  p a r t i a l  hepatectom y (P la te  5*6). In  t h i s  s i tu a t io n  a ls o  
th e re  i s  an in c re a s e  in  th e  number a s  w e ll a s  s iz e  o f th e  lo b u le s ,  a s  
th e  l i v e r  mass i s  r e s to r e d ,  and t h i s  presum ably s tim u la te s  th e  
p r o l i f e r a t i o n  o f v a s c u la r  t i s s u e .  In  th e  case  o f th e  b i l e  d u c ts  th e  
p r o l i f e r a t i v e  resp o n se  seems g r e a te r  th a n  m ight be expected , r e s u l t in g  
in  th e  m u l t ip l ic a t io n  o f b i l e  d u c ts  beyond th a t  re q u ire d  f o r  new 
lo b u le s .  However, i t  ap p ea rs  t h a t  h ep a to cy te s  can d i f f e r e n t i a t e  in to  
b i l e  duc t e p ith e liu m  in  th e  f o e t a l  mouse l i v e r  (W ilson e t  al», 19&3) 
and th a t  'o v a l '  c e l l s ,  which a re  d e r iv e d  from b i l e  duct c e l l s ,  may 
p r o l i f e r a t e  ( i n  some c a rc in o g e n e s is  reg im es) and d i f f e r e n t i a t e  in to  
h ep a to cy te s  (W illiam s, 1980). Thus, i t  may be t h a t  th e  two c e l l -  
ty p e s  may be in te r c o n v e r t ib le  under a p p ro p r ia te  c o n d itio n s  and b i l e  
duc t p r o l i f e r a t i o n  may be one a sp e c t o f th e  growth response  to  
s p e c i f ic  s t im u l i .  B i l i a r y  h y p e rp la s ia  was a ls o  observed  du rin g  tumour 
in d u c tio n  (P la .te  2 .2 4 ) . The r o le  of b i l i a r y  h y p e rp la s ia  in  c o n d itio n s  
o f normal and abnorm al l i v e r  grow th w a rran ts  f u r th e r  in v e s t ig a t io n  
be fo re  co n c lu s io n s  re g a rd in g  th e  s ig n if ic a n c e  of t h i s  f e a tu r e  can be 
made.
C e r ta in  a r c h i t e c tu r a l  f e a tu r e s  ( v iz .  la c k  of norm al h ep a to cy te  
arrangem ent; b i l i a r y  h y p e rp la s ia )  a re  common to  immature, re g e n e ra tin g  
and n e o p la s t ic  r a t  l i v e r .  Whereas in  re g e n e ra tin g  l i v e r  th e re  seems 
to  be a  r e c a p i tu la t io n  o f developm ental grow th i . e .  t h a t  f i r s t  th e re  
i s  th e  la c k  of arrangem ent o f th e  h ep a to cy te s  in to  co rd s , which i s  
ty p ic a l  o f th e  f o e t a l  and e a r ly  n e o n a ta l p e r io d s . T his sequence o f 
ev en ts  does n o t seem to  tak e  p la c e  d u ring  ch ro n ic  d ie th y ln itro sa m in e -  
induced  h e p a to c a rc in o g e n e s is .
c) N uclear Changes
The n u c le i  o f th e  h ep a to cy te s  o f im m ature, re g e n e ra tin g  and
( p r e - ) n e o p la s t ic  ( in c lu d in g  tr a n s p la n ta b le  hepatom as) r a t  l i v e r  a ls o  
appear s im ila r  in  t h a t  th e r e  i s  a  p e r ip h e r a l i s a t io n  of th e  chrom atin 
and th e  n u c le o l i  a re  prom inent (S e c tio n s  .3-1*1■ b , 3 *5 *2 . ,  3 *2 . 2 . ,
3 .6 .2 .  a ,b ) .  T h is  i s  most marked in  th e  ( p r e - ) n e o p la s t ic  h e p a to c y te s .
The n u c le a r  changes which r e s u l t  in  such 'em pty ' look ing  o r v e s ic u la r  
n u c le i  a re  c h a r a c t e r i s t i c  o f w e l l - d i f f e r e n t ia te d  h e p a to c e llu la r  
carcinom as and have been observed  by many a u th o rs  (Jones and B u tle r ,
1978; Ward e t  aL , 1979; Emmelot and S ch e re r, 1980). S im ila r  o b se rv a tio n s  
have been made by F a rb e r  (1976) who su g g es ts  t h a t  th e se  n u c le a r  
changes p recede th e  r e a c t iv a t io n  o f q u ie sc e n t c e l l s  and th a t  p re n e o p la s t ic  
c e l l s ,  l i k e  f o e t a l  h e p a to c y te s , have a  g r e a te r  number of o p tio n s  f o r  
d i f f e r e n t  b io lo g ic a l  b eh av io u r th a n  a re  open to  th e  m ature h e p a to c y te .
O ther h i s to lo g ic a l  and u l t r a s t r u c t u r a l  s i m i l a r i t i e s  between 
f o e t a l ,  n e o n a ta l ,  r e g e n e ra tin g  and ( p r e - ) n e o p la s t ic  h ep a to cy te s  have 
been re p o r te d  (B ru n i, 1973; Ogawa e t  a l . , 1979a; 1979"b).
d) L ip id  Accum ulation
L ip id  accum ula tion  i s  a n o th e r f e a tu r e  common to  th e  develop ing  
h e p a to c y te s , re g e n e ra tin g  h e p a to c y te s  and p re n e o p la s t ic  h ep a to cy te s  
d u ring  d ie th y ln itro sa m in e  h ep a to c a rc in o g en e s is  ( P la te s  1 .1 3 , 1 .1 9 ,
5*11 2 .1 4 , 2 .1 9 ) .  In  develop ing  r a t  l i v e r  th e  l i p i d  i s  th o u g h t to  be 
an energy s to re  w hereas in  re g e n e ra tin g  l i v e r  i t s  p resence  i s  a  r e s u l t  
o f s t r e s s ,  th e  f a t  having been re le a s e d  by ad ip o se  t i s s u e .  The 
o b se rv a tio n  o f l i p i d  accum ulation  in  th e  p re n e o p la s t ic  h ep a to cy te s  
and e a r ly  h e p a to c e l lu la r  carcinom as b u t n o t in  th e  more advanced 
tum ours induced  by d ie th y ln itro sa m in e  a g re e s  w e ll w ith  th e  o b se rv a tio n  
o f t r a n s ie n t  f a t  accum ulation  d u ring  n itro so m o rp h o lin e -in d u ced  h ep a to ­
c a rc in o g e n e s is  (Bannasch, 1968) .  L ip id  accum ulation  was observed  in  
some a re a s  o f th e  WDA tum our (P la te  6 . 5 ) b u t th e re  was an absence of 
f a t  in  th e  r a p id ly  growing UA tum our. I t  has been suggested  t h a t  . 
whereas th e  more d e d i f f e r e n t ia te d  h e p a to c e l lu la r  carcinom as have l o s t  
th e  c a p a c ity  f o r  b o th  s y n th e s is  and ex p o rt o f f a t  th e  more d i f f e r e n t i a t e d  
tum ours have on ly  l o s t  th e  ex p o rt c a p a b i l i ty  and th u s  may accum ulate 
f a t  (P e te r s ,  1976). In c re a se d  n e u tr a l  l i p i d  co n ten t (u s u a lly  i n .  
a s s o c ia t io n  w ith  d ecreased  p h o sp h o lip id  c o n ten t)  has been observed  in
some hepatom as (Hruban e t  a l , 1972; A raki and O kazaki, 1976; Reuber,
1977; M izejew ski e t  a l , 1979)* D ecreased l i p i d  co n ten t has been 
observed  in  o th e r  hepatom as (R u g g ie ri and F a l la n i ,  1979) and th e  
su g g es tio n  has been made th a t  l i p i d  accum ulation  i s  o f no d i r e c t  
re le v an c e  (S te e le  and Jen k in , 197*0* However, d e fe c tiv e  c o n tro l of 
c h o le s te ro l  and f a t t y  a c id  m etabolism  i s  a  common f e a tu r e  in  hepatomas 
(M ajerus e t  a l., 1968; Sabine e t  aL , 1968; B ric k e r  and Levey, 1972) and 
d ie ta r y  .f a t  in f lu e n c e s  b o th  th e  a c u te  t o x i c i t y  and ca rc in o g en ic  p o te n t ia l  
o f a f ld to x in  B^ (Newberne e t  a l , 1979)* Human h e p a to c e l lu la r  carcinom a 
i s  a ls o  a s s o c ia te d  w ith  e le v a te d  l i v e r  l i p i d  l e v e l s  (A raki and Okazaki, 
1976; Newberne e t  a l , 1979)* C holine d e f ic ie n c y , which in d u ces  f a t t y  
l i v e r ,  a ls o  enhances h e p a to c a rc in o g en e s is  (R ogers and Newberne, 1969;
S e l ls  e t  a l., 1979) "but th e  p re n e o p la s t ic  f o c i  have reduced  f a t  co n ten t 
compared to  th e  su rround ing  t i s s u e .  C lo f ib r a te  and nafen o p in , hypo­
lip id e m ic  d ru g s ,a ls o  enhance c a rc in o g e n e s is  in  v a r io u s  t i s s u e s ,  in c lu d in g  
th e  l i v e r ,  b u t t h i s  may n o t be v ia  an e f f e c t  on th e  l i p i d  c o n ten t o f 
th e  t i s s u e s  (Svoboda and A zam o ff, 1979)* L a v ie te s  and Coleman (1980) 
have proposed  t h a t  th e  l o s s  of c o n tro l o f c h o le s te ro l  and l i p i d  
s y n th e s is  c o n s t i tu te s  a  d ra in  from th e  Krebs cy c le  th e re b y  a c t iv a t in g  
g ly c o ly s is  th u s  acco u n tin g  f o r  th e  h ig h e r g ly c o ly t ic  r a t e  o f tum ours.
There a ls o  a p p ea rs  to  be a  c o r r e la t io n  between th e  a b i l i t y  o f tum ours 
to  r e s i s t  a t t a c k  by th e  immune system  and th e  a b i l i t y  to  sy n th e s is e  
l i p i d  (S ch la g e r e t  aL , 1978). a lth o u g h  th e  re a so n s  f o r  t h i s  a re  f a r  
from  c le a r .
In  th e  work p re s e n te d  in  t h i s  t h e s i s ,  where n e u tr a l  f a t  i s  seen 
i n  d evelop ing , r e g e n e ra tin g  and (p r e - ) n e o p la s t ic  h ep a to cy te s  th e re  
seems to  be some su g g es tio n  th a t, th e  p resence  of f a t  in  th e se  c e l l s  i s  
l in k e d  to  t h e i r  m ito t ic  c a p a c ity  e s p e c ia l ly  a s  th e  f a t  accum ulation  in  
re g e n e ra tin g  l i v e r  i s  p e r ip o r ta l ly  lo c a te d , i . e .  where c e l l  m u l t ip l ic a t io n  
i s  i n i t i a t e d .
There i s  a ls o  some su g g es tio n  from th e  l i t e r a t u r e  th a t  l i p id -  
accum ulation  a f t e r  p a r t i a l  hepatectom y i s  r e l a t e d  to  c e l l  d iv is io n .
An in fu s io n  o f g lucose  and in s u l in  which i n h i b i t s  th e  r e le a s e  o f f a t t y  
a c id s  from  ad ip o se  t i s s u e  and p re v e n ts  t h e i r  accum ulation  in  th e  l i v e r ,  
a ls o  i n h i b i t s  th e  re g e n e ra tio n  o f h e p a tic  t i s s u e  a f t e r  p a r t i a l  hepa­
tectom y (Simek e t  aL , 1967)® A m ixture o f amino a c id s  and hormones
which in c re a s e s  th e  supply  o f f a t t y  a c id s  to  th e  l i v e r  in  th e  i n t a c t  
anim al a ls o  in d u ces  a  s im i la r  c e l l u l a r  re sp o n se , in c lu d in g  DNA s y n th e s is , 
to  t h a t  induced  "by ?0% p a r t i a l  hepatectom y (S h o rt e t  aL , 1972). 
F urtherm ore , in  c r o s s - c i r c u la t io n  experim ents between p a r t i a l l y  hepa- 
te c to m ised  and i n t a c t  an im a ls , th e re  i s  a  c o r r e la t io n  between c i r c u la t in g  
f r e e  f a t t y  a c id  c o n c e n tra tio n s  and th e  e f fe c t iv e n e s s  o f th e  b lood  from 
th e  o p e ra ted  an im als  to  s t im u la te  DNA sy n th e s is  (S h o rt e t  aL , 1972).
On th e  o th e r  hand, Leiberm an ( 1969) found t h a t  l i p i d  accum ulation  
and glycogen lo s s ,  b u t n o t DNA s y n th e s is ,  in  re g e n e ra tin g  l i v e r  a f t e r  
p a r t i a l  hepatectom y, were in h ib i te d  by in trav e n o u s  g lucose  in fu s io n  
su g g estin g  th e  s t r e s s - r e l a t e d  n a tu re  of l i p i d  accum ulation . N e v e rth e le ss  
t h i s  does n o t r u le  ou t th e  p o s s i b i l i t y  th a t  some changes in  l i p i d  o r 
carb o hydrate  m etabolism  a re  o b lig a to ry  f o r  th e  passage o f th e  l i v e r  c e l l  
th ro u g h  th e  p r e - r e p l i c a t iv e  phase , b u t t h a t  th e s e  changes a re  n o t 
e s s e n t i a l  f o r  DNA s y n th e s is .  F urtherm ore , l i p i d i c  m icrovacuoles a re  
o f te n  found in  b a s o p h il ic  l i v e r  c e l l s  du rin g  v i r a l  h e p a t i t i s ,  and a re  
co n sid e red  a  c h a r a c t e r i s t i c  s ig n  of re g e n e ra tio n  (Desmet, 1978)*
I t  would be i n t e r e s t i n g  and w orthw hile to  pursue f u r th e r  th e  
o b se rv a tio n  o f l i p i d  accum ulation  in  develop ing , re g e n e ra tin g  and  (p r e - )  
n e o p la s t ic  h e p a to c y te s  w ith  a  view to  d e l in e a tin g  th e  p re c is e  r o le  of 
f a t  accum ulation  in  th e s e  h y p e rp la s t ic  c o n d itio n s  and th e  r o le  o f l i p i d  
m etabolism  in  norm al and m alignan t h y p e rp la s ia . I t  i s  no tew orthy  in  
t h i s  co n n ec tion  t h a t  d iam inopropanol ( ”a  s p e c i f ic  in h ib i to r  o f l i v e r  
polyam ine b io s y n th e s is )  b lo ck s  re g e n e ra tiv e  grow th and f a t t y  a c id  
b io s y n th e s is  a f t e r  p a r t i a l  hepatectom y in  r a t s  (K. S n e ll ,  p e rso n a l 
communication o f u n p u b lish ed  work o f M. B rosnan). Polyam ines may 
th e re fo re  p ro v id e  th e  common m etab o lic  l in k  between th e se  m etabo lic  
p ro c e sse s .
I t  ap p ea rs  th e re fo re  t h a t  th e re  a re  a  number o f h i s to lo g ic a l  
f e a tu r e s  common to  im m ature, re g e n e ra tin g  and (p r e - ) n e o p la s t ic  
h ep a to cy te s  a s  summarised in  Table 4 .1 .
e) D iffe re n c e s  Between C e n tr i lo b u la r  and P e r ip o r ta l  H epatocy tes
D uring l i v e r  re g e n e ra tio n  th e re  i s  a  lo s s  of glycogen and g lu co se  
6 -phosphatase  a c t i v i t y  from p o r ta l  a re a s  of th e  lo b u le , where th e y  a re
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norm ally  c o n ce n tra te d  ( P la te s  5*3» 5*^» 1 .^ , 1*7)* Brinkmann e t  aL , 
(1978) observed  a  s im i la r  s h i f t  in  g lucose  6 -phosphatase  a c t i v i t y  b u t, 
a lth o u g h  o b serv ing  a re d u c tio n  in  g lycogen, t h i s  s t i l l  r e ta in e d  i t s  
predom inence p e r ip o r ta l ly .  The o th e r  enzymes assay ed  h is to c h em ic a lly  
i . e .  G lutam te dehydrogenase, g lu co se  6-phosphate  dehydrogenase and 
m alic  enzyme, a re  norm ally  lo c a te d  c e n t r i lo b u la r ly  and t h i s  zo nation  
was n o t a f f e c te d  by p a r t i a l  hepatectom y (S e c tio n  3*5*2). O ther enzymes 
a ls o  show d i f f e r in g  a c t i v i t i e s  in  d i f f e r e n t  p a r t s  of th e  l i v e r  lo b u le  
(W achstein , 19^3; Jungermann and S asse , 1978). No such m etabo lic  
zo n a tio n  i s  seen in  th e  f o e t a l  o r  n e o n a ta l l i v e r  (Brinkmann e t  a l , 1978).
Not on ly  a re  p e r ip o r ta l  h e p a to c y te s  th e  f i r s t  to  r e p l i c a t e  
a f t e r  p a r t i a l  hepatectom y (H arkness, 1952) b u t a ls o  c r o s s - c i r c u la t io n  
experim ents between p a r t i a l l y  hepatec tom ised  and i n t a c t  an im als r e s u l t s  
in  g r e a te r  DNA s y n th e s is  in  th e  p e r ip o r ta l  h ep a to cy te s  in  th e  l i v e r  o f 
th e  i n t a c t  an im als  ( 'B u ch e r e t  a l ., 19^9)* P o ison ing  w ith.C C l^ r e s u l t s  
in  c e n t r i lo b u la r  n e c ro s is  b u t th e  com pensatory h y p e rp la s ia  a r i s e s  
p e r ip o r t a l ly  (Dinman e t  aL , 1968). M itoses in  r e s t in g  a d u lt  l i v e r  
i s  a l s o  r e s t r i c t e d  to  th e  p e r ip o r ta l  re g io n s  (Emmelot and S ch e re r , 1980).
The c e n t r i lo b u la r  h ep a to cy te s  r e p re s e n t  th e  more d i f f e r e n t i a t e d  
ty p e  in  t h a t  th e y  have a  more developed drug m e tab o lis in g  and d e to x ify in g  
system  and th e  1 h y p e r d if f e r e n t ia t io n  * induced  by phenobarb itone  i s  more 
pronounced c e n t r i lo b u la r ly .
The f in d in g  t h a t  th e re  a re  two p o p u la tio n s  o f h e p a to c y te s : • th e  
d i f f e r e n t i a t e d  c e n t r i lo b u la r  c e l l s ;  and-rth e  p e r ip o r t a l  c e l l s  capab le  
o f c e l l  d iv is io n  may have some b e a r in g  on B an n asch 's  ( 1968) r e s u l t s .
He observed  th a t  n itro so m o rp h o lin e  induced  to x ic  changes c e n t r i lo b u la r ly  
b u t t h a t  th e  changes le a d in g  to  h y p e rp la s ia  and p re n e o p la s ia  o ccu rred  
p e r ip o r ta l ly  (s e e  a ls o  S e c tio n  ^ .6 ) .
f )  Labe D iffe re n c e s  .
I n  th e  ch ron ic  d ie th y ln itro sa m in e  a d m in is tra t io n  experim ents 
n o d u la r i ty  was most marked in  th e  p o s te r io r  r i g h t  l a t e r a l  lo b e  (S e c tio n  
3*2 .2 ; P la te  2 .2 l ) .  Presum ably th e  tum ours t h a t  developed in  th e  
i n i t i a l  c a rc in o g e n e s is  experim ent a ro se  p r in c ip a l ly  from t h i s  lo b e  
(though  th e  lo b e  o f o r ig in  was n o t determ ined  in  t h i s  experim ent p a r t ly
because th e  la rg e  s iz e  o f th e  tum ours made i t  d i f f i c u l t  to  say  e x a c tly  
where i t  came fro m ). Opie ( 1 9 ^ )  found t h a t  prim ary h e p a to c e llu la r  
carcinom as a r i s in g  a f t e r  b u t t e r  yellow  a d m in is tra t io n  a ls o  o ccu rred  
most f r e q u e n tly  in  t h i s  lo b e . T h is  f a c t  may have some re le v an c e  to  
experim ents w ith  re g e n e ra tin g  l i v e r  a s  t h i s  i s  one of th e  lo b e s  
rem ain ing  a f t e r  2 /3  p a r t i a l  hepatectom y. I f  t h i s  lobe  i s  more s u sc e p tib le  
to  c a rc in o g e n e s is  th e n  th e  in c re a s e d  in c id e n ce  o f hepatomas a f t e r  
p a r t i a l  hepatectom y may n o t only  be due to  in c re a se d  c a rc in o g e n ic ity  
in  d iv id in g  c e l l s  b u t a ls o  in  a  p a r t i c u l a r  sp e c ie s  of s u sc e p tib le  
d iv id in g  c e l l s .
A l te rn a t iv e ly ,  b lood  may p e rfu se  t h i s  lo b e  a t  d i f f e r e n t  r a t e s ,  
which m ight g iv e  them an a l t e r e d  (enhanced) response  to  th e  carc in o g en . 
P o s s ib ly  t h i s  lo b e  re c e iv e s  a  h ig h e r  dose o f carcinogen  th a n  th e  o th e r s .  
A lthough g e n e ra l ly  th e re  i s  n o t much v a r ia t io n  between th e  b lood  supply  
to  th e  in d iv id u a l  lo b e s  th e  r i g h t  lo b e  o f th e  l i v e r  i s  th e  on ly  one to  
re c e iv e  bo th  g r e a te r  c a rd ia c  and p o r ta l  b lood  a s  a  p e rcen tag e  o f i t s  
w eight ( Vide i n f e r a , S o l t  e t  aL , 1977a). T race r s tu d ie s  w ith  r a d io -  
a c t i v e ly - la b e l le d  carc in o g en s cou ld  be used  tb  determ ine th e  d i s t r i b u t io n  
o f th e  carc inogen  th ro u g h o u t th e  l i v e r  and m ight r e v e a l  w hether th e  
p o s te r io r  r i g h t  l a t e r a l  lobe  re c e iv e s  a  h ig h e r  dose. A lso th e  p o s s i b i l i t y  
o f m e tab o lic  d iffe ren c es -b e tw e en  th e  p o s te r io r  r i g h t  l a t e r a l  lo b e  and 
th e  o th e r  lo b e s  r e q u ir e s  f u r th e r  in v e s t ig a t io n .  P re lim in a ry  experim en ts 
to  de term ine  w hether th e  lo b e s  removed a t  p a r t i a l  hepatectom y d i f f e r  
from  th o se  rem ain ing  showed t h a t  th e re  was no d if fe re n c e  in  th e  enzyme 
a c t i v i t i e s  m easured in  th e  p re s e n t work betw een th e  r i g h t  and caudate  
lo b e s  a ssay ed  to g e th e r  and th e  median and l e f t  lo b e s  assay ed  to g e th e r  
(N .J . C u r tin , u n p u b lish ed  d a t a ) .
^ .1 .2  S im ila r  H is to lo g ic a l  A b e rra tio n s  Observed in  O ther C o n d itio n s
The absence o f ty p ic a l  a d u l t  l i v e r  a r c h i te c tu r e  i s  n o t found 
on ly  d u rin g  developm ent, re g e n e ra tio n  a f t e r  p a r t i a l  hepatectom y and 
c a rc in o g e n e s is . S im ila r  changes a re  found a f t e r  ex p erim en ta l in ju r y  
p a r t i c u l a r ly  in  ch ro n ic  to x i c i t y  s tu d ie s .  B ile  duct p r o l i f e r a t i o n  
accom panies a lm ost a l l  su b -acu te  o r ch ro n ic  experim en ta l o r  human 
in ju r y  (Rubin and Popper, 19&7)* There i s  a  lo s s  o f o n e -c e l l  th ic k
p la te s  a f t e r  CCl^ in to x ic a t io n  (McLean e t  aL , 19^9) and in  r a t s  fe d  a  
ch o lin e  d e f ic ie n t  d i e t ,  m u l t i c e l lu la r  p la te s  o f h e p a to c y te s , s im ila r  
to  th o se  found in  th e  embryo o r neo n ate , a re  seen ( H a r t ro f t ,  1964).
In  human l i v e r  to o , h y p e rp la s t ic  nodu les w ith  p la te s  of h ep a to cy te s  
two o r more c e l l s  th ic k  a re  seen in  o therw ise  h e a lth y  l i v e r s .  These 
le s io n s  a re  no t a s s o c ia te d  w ith  f i b r o s i s ,  g iv e  no symptoms and a re  
w ith o u t c l i n i c a l  s ig n if ic a n c e  (Rubin and Popper, 19^7). In  v i r a l  
h e p a t i t i s  v a rio u s  d eg en e ra tiv e  changes occu r, in c lu d in g  th e  a rra n g e ­
ment o f h e p a to c y te s  in to  tw o -c e ll  th ic k  p la te s  o r tu b u le s  (Desmet, 1978)* 
A sc ite s  a re  a ls o  found in  r a t s  a f t e r  ch ro n ic  CCl^ in to x ic a t io n  (McLean 
e t  aL , 1969)*
L ip id  accum ula tion  i s  a  f re q u e n t accompaniment of to x ic  damage 
b u t a s  a  r u le ,  even when i t  i s  s ev e re , t h i s  f e a tu r e  i n t e r f e r e s  l i t t l e  
w ith  h e p a tic  fu n c tio n  (Popper e t  aL , 1978).
V arious n u c le a r  changes a ls o  ta k e  p lace  in  l i v e r  in ju r y ,  v iz :  
hypertrophy  o f th e  n u c le o l i  (R ees, 1978; Desmet, 1978); n u c le a r  h yper- 
chrom asia g iv in g  them a 'm a lig n a n t ' appearance (Desmet, 1978). N u c leo la r 
hypertrophy  i s  a  f e a tu r e  common to  re g e n e ra tin g  l i v e r  and many 
p a th o lo g ic a l s t a t e s  and, a s  th e  n u c leo lu s  i s  th e  s i t e  of ribosom al 
RNA s y n th e s is ,  t h i s  i s  th ough t to  r e f l e c t  a l t e r e d  RNA sy n th e s is  
(R ees, 1978).
4 .1 .4  Changes in  Enzyme A c t iv i t i e s  During Rat L iv e r Developm ent, 
R eg enera tion  and C arc in o g en esis
a ) Comparison o f F o e ta l  L iv e r  and L iv e r  During Chronic D ie th y ln i t r o s -
amine Treatm ent
The changes in  enzyme a c t i v i t i e s  d u ring  developm ent are w e ll 
documented (S e c tio n  1 .4 ) and th e  work p re se n te d  here  (S e c tio n  3*1*3) 
confirm s th e  d a ta  in  th e  l i t e r a t u r e .  During ch ro n ic  d ie th y ln itro sa m in e  
a d m in is tra t io n  enzyme changes o ccu rred  b e fo re  h i s to lo g ic a l  changes 
cou ld  be observed  (S e c tio n  3*2.5)* At f i r s t  th e se  changes were no t 
s ig n i f i c a n t  presum ably because o f d i lu t io n  by normal t i s s u e .  I t  i s  
u n l ik e ly  t h a t  n e c ro s is  and r e s to r a t iv e  h y p e rp la s ia  were re s p o n s ib le  
f o r  th e s e  changes because n o t only  i s  th e  low c y to to x ic i ty  o f d i e th y l -  •
n itro sam in e  w e l l - e s ta b l is h e d  b u t a ls o  very  l i t t l e  ev idence o f c e l l  
damage could  be seen . Such ev idence o f c y to to x ic i ty  t h a t  was seen in  
th e se  e a r ly  s ta g e s  was re d u c tio n  in  th e  glycogen co n ten t of c e n t r i ­
lo b u la r  c e l l s  and a  low le v e l  of i s o l a t e d 'c e l l  n e c ro s is .  Of th e  e a r ly  
enzyme changes, th e  re d u c tio n  in  g lu co se  6 -phosphatase  has been 
re p o r te d  in  f o c i  of a l t e r e d  c e l l s  a r i s in g  a f t e r  carcinogen  tre a tm e n t 
by many a u th o rs  (K itagaw a, 1971 > S ch e re r e t  aL , 1972; E l tz  et_aL , 1977; 
Pugh and G o ld fa rb , 1978; Du e t  aL , 1979; Bannasch e t  a~L, 1980; Emmelot 
and S ch e re r , 1980; Ogawa e t  a l., 1980). In  th e  h is to ch em ica l exam ination 
o f th e  t i s s u e  a f t e r  s ix  weeks o f d ie th y ln itro sa m in e  tre a tm e n t I  was 
unab le  to  d e te c t  any f o c i  of red u ced  g lucose  6 -p h o sp h a tase , though 
i t  was reduced  c e n t r i lo b u la r ly  (P la te  2 .2 , 2 .4 )  and t h i s  has been 
no ted  p re v io u s ly  w ith  d ie th y ln itro sa m in e  h e p a to c a rc in o g en e s is  (Rabes 
e t  aL , 1970). I t  shou ld  be n o ted  h ere  t h a t  f o r  th e  h is to ch em ica l 
s tudy  o f  th e  t i s s u e  a t  s ix  weeks only  sm all p ie c e s  o f t i s s u e  were 
examined and f o c i  o f a l t e r e d  c e l l s  could  in a d v e r te n t ly  have been m issed .
W ith th e  e x cep tio n  o f thym id ine k in a se  and hexokinas®, a l l  th e  
l i v e r  enzymes m easured were reduced  du rin g  th e  e a r ly  p e r io d  of c a rc in o ­
g e n e s is  when h i s to lo g ic a l  changes were minimal i . e .  up to  e ig h t weeks. 
H exokinase and thym id ine k in a se  a re  bo th  f o e t a l  enzymes, th e  o th e rs  
(w ith  th e  ex ce p tio n  of g lucose  6-phosphate  dehydrogenase which shows 
a  b ip h a s ic  p a t te r n  o f ex p re ss io n  d u ring  developm ent) in c re a s e  i n  a c t i v i t y  
a f t e r  b i r t h .  T h e re fo re  th e  d ecrease  in  a d u l t  enzymes and g a in  in  f o e t a l  
enzymes i s  d e te c ta b le  very  e a r ly  on, long  b e fo re  h is to lo g ic a l  changes 
d ev e lo p •
At e ig h t weeks when more marked h i s to lo g ic a l  changes occur ( v iz :  
v a r ia b le  f i b r o s i s ;  c e l l u l a r  a ty p ia ;  h y p e rp la s ia ;  f a t  accum ulation) m alic  
enzyme and g lu co se  6-phosphate  dehydrogenase were e le v a te d . Whereas 
t h i s  r e p re s e n ts  an  in c re a s e  in  a  f o e t a l  enzyme in  th e  case o f g lucose  
6 -phosphate  dehydrogenase, m alic  enzyme i s  an a d u l t  enzyme and th e  
a d a p ta t io n  i s  th e re fo re  developm enta lly  anom alous. The enzyme p r o f i l e  
o f th e  l i v e r  a t  e ig h t weeks i s  q u a l i t a t iv e ly  b u t n o t q u a n t i t a t iv e ly  
id e n t i c a l  to  t h a t  o f th e  f i n a l  tumour and p ro b ab ly  re p re s e n ts  a  t r u l y  
p re n e o p la s t ic  change even though h i s to lo g ic a l  in v e s t ig a t io n  of th e  
t i s s u e  a t  t h i s  tim e does no t g iv e  an unequ ivocal d ia g n o s is  o f p re n e o p la s ia  
F u r th e r  experim ents u s in g  d i f f e r e n t  carc in o g en s and n o n -ca rc in o g en ic
iso m ers, i f  a v a i la b le ,  should  be c a r r ie d  out to  determ ine i f  th e se  
changes a re  c h a r a c te r i s t i c  s o le ly  o f d ie th y ln itro sa m in e -in d u c e d  h ep a to - 
c a rc in o g e n e s is  o r h e p a to c a rc in o g en e s is  in  g e n e ra l. I f  s im ila r  changes 
o ccu rred  w ith  a  v a r ie ty  of d i f f e r e n t  carc in o g en s th e n  h e p a to c a rc in o - 
g e n ic i ty  t r i a l s  cou ld  be sh o rten ed  u s in g  th e  a c q u is i t io n  o f c h a r a c te r i s t i c  
enzyme p a t te r n s  a s  an  en d -p o in t r a th e r  th an  th e  development of tum ours.
S ince 70 -  90^ o f human can ce rs  may be a t t r i b u t e d  to  an e n v iro n ­
m ental o r ig in ,  th e  co n tin u in g  p ro d u c tio n  of p o te n t i a l ly  ca rc in o g en ic  
chem ical su b stan ces  and drugs r e q u ir e s  u rg en t a t te n t io n  i f  we a re  no t 
to  add in a d v e r te n t ly  to  t h i s  env ironm enta l burden . The m agnitude o f 
th e  t a s k  r e q u ir e s  more ra p id  assessm en t th a n  can be p rov ided  by f u l l -  
s c a le  c a rc in o g e n ic i ty  t e s t s  in  vivo and  by more a p p ro p r ia te  t e s t s  th a n  
th o se  in  v i t r o  system s re ly in g  on m u ta tio n a l re v e rs io n s  in  p ro k a ry o tic  
organ ism s.
In  a d d it io n , th e  a ssay  o f th e se  p h a s e -s p e c if ic  enzymes t h a t  
a l t e r  d u rin g  c a rc in o g e n e s is  in  b iopsy  m a te r ia l  m ight be a  u s e fu l  
d ia g n o s t ic  p robe .
In  a  s e r ie s  o f  s to p  experim en ts ( i . e .  ca rc in o g en  a d m in is tra t io n  
f o r  v a ry ing  tim es  fo llo w ed  by no tre a tm e n t, d u ring  which th e  l i v e r  i s  
s tu d ie d )  Barbason e t  aL , ( l9 7 9 a ,b )  t r e a t e d  r a t s  w ith  a  s im ila r  d a i ly  
dose to  t h a t  used  in  th e  experim ents d e sc r ib e d  in  t h i s  th e s i s  (and  a ls o  
found  t h a t  n e o p la s ia  developed a f t e r  e leven  weeks o f con tinuous admin­
i s t r a t i o n )  . A f te r  one months tre a tm e n t p e r s i s t e n t  f o c i  developed b u t 
tum ours f a i l e d  to  a r i s e ,  tre a tm e n t f o r  two months r e s u l te d  in  an  
in c re a s e  in  s iz e ,  b u t n o t number, o f th e  f o c i  and a  lo s s  o f ho m eo sta tic  
c o n tro l such th a t  tum ours developed. Thus th e  h ep a to cy te s  do n o t 
become programmed f o r  m alignancy u n t i l  th e  second month of t re a tm e n t, 
t h i s  i s  com patib le  w ith  my f in d in g s  t h a t  th e  enzyme p r o f i l e  o f th e  
f i n a l  tum our i s  n o t ex p ressed  u n t i l  th e  e ig h th  week of tre a tm e n t.
The enzyme changes in  th e  ch ron ic  d ie th y ln itro sa m in e -in d u c e d  
tum ours (S e c tio n  3*2 .5 ) have been re p o r te d  by o th e r  a u th o rs  u s in g  
d i f f e r e n t  carcinogens, and in  t r a n s p la n ta b le  tum ours, v iz :  re d u c tio n  in  
g lu co se  6 -phosphatase  (Rabes e t  aL , 1970; K itagaw a, 1971; S c h e re r .e t  a l„  
1972; G old farb  and P i t o t ,  .1976; Knox, 1976; Weber,- 1977; Bahnasch, 1978; 
S a tp 'e t  aL ,. 1 9 7 8 ;,Du e t  aL, 1979; E igenbrod t and Glossman, 1980; Emmelot 
and S ch e re r, 1980; Ogawa et_aL , 1980); re d u c tio n  in  phosphoenolpyruvate
carboxykinase (Knox, 1976; Weber, 1976); re d u c tio n  in  g lu tam ate  
dehydrogenase (Ono, 1966; Knox, 1976; Weber, 1977); re d u c tio n  in  
a s p a r ta te  a m in o tra n s fe ra se  (Knox, 1976); re d u c tio n  in  g lu co k in ase  and 
in c re a s e  in  hexokinase (G o ld farb  and P i t o t ,  1976; Knox, 1976; Weber,
1977; Sato  e t  aL , 1978); in c re a s e  in  g lucose  6-phosphate  dehydrogenase 
( C r is s ,  1974; G o ld farb  and P i t o t ,  1976; Knox, 1976; Weber, 1976;
Bannasch, 1978; Sato  e t  a l,, 1978; Du e t  aL , 1979); in c re a se  in  thym idine 
k in a se  (Knox, 1976; Weber, 1977)* M alic  enzyme was found to  be in c reased v  
i n  slow growing hepatom as (Knox, 1976) bu t Weber ( 1966) b e lie v e s  t h a t  
th e  v a r ia t io n  in  m alic  enzyme a c t i v i t y  between t r a n s p la n ta b le  hepatom as 
w ith  no c o r r e la t io n  w ith  grow th r a t e  means t h a t  changes in  m alic  
enzyme a c t i v i t y  a re  c o in c id e n ta l  to  n e o p la s ia .
b) T ra n sp la n ta b le  Hepatomas
S im ila r  enzymic d e v ia t io n s  from  th e  normal l i v e r  were observed
in  th e  two tr a n s p la n ta b le  hepatom as w ith  th e  ex cep tio n  o f m alic  enzyme 
which, in  bo th  tum ours, was d ecreased  in  a c t i v i t y .  The changes in  th e  
r a p id ly  growing tum our were q u a l i t a t i v e ly ,  b u t n o t q u a n t i t a t iv e ly ,  
s im i la r  to  th o se  observed  in  th e  p rim ary  tum our induced  by d ie th y ln i t r o s ­
am ine. The slow er growing tumour was n o t on ly  q u a l i t a t iv e ly  s im i la r  
t o  th e  p rim ary  tum our b u t th e  enzyme changes observed  a ls o  showed more 
q u a n t i ta t iv e  s i m i l a r i t i e s  to  th e  p rim ary  tum our. T h is slow er growing 
tumour was a ls o  more s im i la r  to  th e  p rim ary  tumour on h i s to lo g ic a l  
grounds •
c) The M ech an istic  S ig n if ic a n c e  o f th e  Enzyme A d ap ta tio n s  During
C arc in o g en esis
The enzyme a l t e r a t i o n s  in  tum ours (a s  d e sc r ib e d  in  th e  p re s e n t  
work and in  th e  l i t e r a t u r e )  have been a t t r i b u t e d  to  an e x p re ss io n  o f 
'f o e ta l i s m 1 (Knox, 1976) o r , in  c o n tr a s t ,  to  b e a r no s im i la r i ty  to  th e  
immature l i v e r  (Weber, 1973; 1975; 1977) • Knox u ses  a  v a s t  amount of 
d a ta  c o l le c te d  from many d if f e r e n t . . . la b o ra to r ie s  to  i l l u s t r a t e  th e  
s im i la r i ty  between tum ours and t h e i r  f o e t a l  c o u n te rp a r t ,  b u t makes no 
su g g es tio n  a s  to  how such a  f o e t a l  s i tu a t io n  a r i s e s  -  w hether n e o p la s ia
i s  accompanied by, o r i s  th e  r e s u l t  o r cause of a  r e tu r n  to  a  more 
immature s t a t e .  Weber has c o n ce n tra te d  p r in c ip a l ly  on th e  m etabo lic  
im balance of. tum ours, a s  observed  in  h is  own s tu d ie s ,  r a th e r  th a n  a 
com parison of n e o p la s t ic  and f o e t a l  t i s s u e s .  T his le a d s  him to  conclude 
t h a t  cancer c e l l s  have a b iochem ica l commitment to  p r o l i f e r a t i o n  and 
t h a t  t h i s  c o n fe rs  on them a  s e le c t iv e  growth advan tage . However, f o e t a l  
c e l l s  a re  a ls o  b io ch em ica lly  com m itted to  p r o l i f e r a t e  and th e re fo re  
d is p la y  a s im i la r  b iochem ica l phenotype.
The enzyme changes, w ith  th e  ex cep tio n  o f m alic  enzyme, observed  
d u rin g  ch ro n ic  d ie th y ln itro sa m in e - in d u c e d  h e p a to c a rc in o g en e s is  (S ec tio n  
3*2 .5 ) a re  com patib le  w ith  b o th  th e  views o f Knox and Weber. There i s  
an in c re a se  in  f o e t a l  enzyme a c t i v i t i e s  and a  d ecrease  in  a d u l t  
enzyme a c t i v i t i e s  and th e  enzyme p r o f i l e  du rin g  th e  l a t t e r  s ta g e s  o f 
c a rc in o g e n e s is  c o r r e la te s  s ig n i f i c a n t ly  w ith  th e  f o e t a l  enzyme p r o f i l e  
(T ab le  3 * 2 .2 ) . T h is i s  in  agreem ent w ith  th e  h y p o th esis  o f fo e ta l is m  
in  tum ours. The r e s u l t s  p re s e n te d  in  t h i s  t h e s i s  a re  a ls o  com patib le  
w ith  th e  f in d in g s  o f Weber ( i . e .  t h a t  th e  n e o p la s t ic  c e l l  has a  
b iochem ical p a t te r n  which c o n fe rs  on i t  a  s e le c t iv e  grow th advan tage) 
in  t h a t  enzymes o f DNA s y n th e s is  a re  in c re a s e d  ( e le v a t io n  o f thym idine 
k in a se  and g lucose  6 -phosphate  dehydrogenase) g luco n eo g en esis  i s  
d ec reased  ( re d u c tio n  in  g lu co se  6 -phosphatase  and phosphoenolpyruvate 
carboxyk inase) amino a c id  ca tab o lism  i s  d ecreased  ( re d u c tio n  in  g lu tam ate  
dehydrogenase and a s p a r ta te  a m in o tra n s fe ra se )  and th e re  i s  a  lo s s  o f 
r e g u la to ry  c o n tro l over g ly c o ly s is  ( th e  low Km enzyme, hexok inase , i s  
in c re a s e d  and th e  h ig h  Km enzyme, g lu c o k in a se , i s  d e c re a se d ) . T h is 
means t h a t  th e  c e l l s  programmed f o r  grow th and d iv is io n ,  r a t h e r  th a n  
th e  m aintenence o f b lood  g lu co se  le v e l s  and u re a  s y n th e s is ,  w i l l  p r o l i f e r a t e  
a t  th e  expense o f o th e r  'd isa d v a n ta g e o u s ' phenotypes.
Weber (1974; 1980) however, u s u a lly  ta k e s  th e  l i v e r  o f th e  s ix -  
day o ld  r a t  to  be r e p r e s e n ta t iv e  o f th e  immature l i v e r ,  a s  p r io r  to  
t h i s  tim e th e re  a re  s u b s ta n t ia l  amounts o f h aem ato p o ie tic  t i s s u e ,  which 
would in t e r f e r e  w ith  th e  i n t e r p r e ta t io n  o f h e p a tic  m easurem ents. However, 
th e  sudden changes in  enzymes in  th e  l i v e r  d u rin g  l a t e  f o e t a l  .and e a r ly  
p o s tn a ta l  l i f e ,  d u ring  which tim e th e re  i s  a  g rad u a l d ecrease  in  th e  
h aem ato p o ie tic  t i s s u e ,  i s  though t to  in d ic a te  t h a t  th e se  changes _ 
re p re s e n t  p redom inan tly  th e  changing b io ch em istry  of th e  h e p a to c y te s
(G reengard , 197l)* I n  a d d i t io n  th e  b io ch em istry  o f th e  l i v e r  o f th e  
su ck lin g  r a t  a t  s ix  days p o s t partum  i s  very  d i f f e r e n t  from th a t  of 
th e  f o e t a l  r a t  (S e c tio n  3*2 .5 ; Vernon and W alker, 1968; G reengard, 197l) 
and i t  i s  n o t t r u l y  im m ature. From th e  r e s u l t s  p re se n te d  in  t h i s  
t h e s i s  i t  can be seen  th a t  bo th  th e  p rim ary  (T ab le  3*2.2) and th e  
t r a n s p la n ta b le  hepatomas (T ab le  3*6 .3) b ea r l i t t l e  resem blance to  th e  
p o s tn a ta l  r a t  b u t th e y  show s t r ik in g  s im i la r i ty  to  th e  f o e t a l  l i v e r s .
Even when s tu d y in g  f o e t a l  l i v e r ,  however, Weber (1975; 1977) f a i l s  
to  d e te c t  a  s im i la r i ty  in  th e  m etab o lic  p a t te r n  w ith  t h a t  o f n e o p la s t ic  
l i v e r .  A lthough he ob serv es  a  re d u c tio n  o f g luconeogenic  enzymes 
(g lu c o se  6 -p h o sp h a tase , f r u c to s e  1 .6 -d ip h o sp h a ta se , phosphoenolpyruvate 
carboxyk inase  and p y ruva te  ca rb o x y lase ) in  b o th  f o e t a l  and tum our l i v e r  
he does n o t f in d  an in c re a s e  in  g ly c o ly s is  in  th e  f o e t a l  t i s s u e  a s  
seen  in  th e  tum ours. In  f a c t  he r e p o r ts  reduced  g ly c o ly t ic  .enzyme; 
(h ex o k in ase , p h o sp h o fru c to k in ase  and pyruvate  k in a se )  a c t i v i t i e s  in  
th e  f o e t a l  l i v e r .  However, hexokinase and ph o sp h o fru c to k in ase  a re  
b o th  e le v a te d  in  th e  f o e t a l  l i v e r  (T able  3 .1*1 ; Burch e t  aL , 1963;
Jamdar and G reengard , 1970; Knox, 1976) and p y ru v a te  k in ase  i s  only  
s l i g h t l y  l e s s  a c t iv e  in  th e  fo e tu s  th a n  in  th e  a d u l t  (Vernon and W alker, 
1968). Weber a ls o  r e p o r ts  reduced  g lucose  6-phosphate  dehydrogenase 
i n  f o e t a l  l i v e r ,  w hereas i t  i s  e le v a te d  in  th e  tum ours. However, o th e r  
measurements o f t h i s  enzyme have shown i t  to  be e le v a te d  in  th e  fo e tu s  
compared to  th e  a d u l t  (Burch e t  aL , 1963; Table 3 * l* l)*  Weber ex p re sses  
h i s  r e s u l t s  a s  a c t i v i t i e s  p e r  average  c e l l  f o r  com parison w ith  normal 
a d u l t  l i v e r s  w hereas most o th e r  a u th o rs  ex p ress  enzyme a c t i v i t i e s  in  
te rm s o f a c t i v i t i e s  p e r  g t i s s u e  o r p e r  mg p r o te in .  The f o e t a l  c e l l  
i s  abou t h a l f  t h e . s i z e  o f th e  a d u l t  c e l l  and so t h i s  m ight accoun t 
f o r  some of th e  d isc rep an cy  in  r e s u l t s .  Weber has n o t m easured thym idine 
k in a se  in  f o e t a l  l i v e r ,  a lth o u g h  t h i s  enzyme i s  re p o r te d  to  be e le v a te d  
i n  bo th  f o e t a l  l i v e r  (T ab le  3*1*1; Machovich and G reengard, , 1972) and 
tum our t is s u e (T a b le  3*2 .1 ; Weber, 1972).
The r e s u l t s  p re se n te d  i n  t h i s  t h e s i s  a re  in  g e n e ra l agreem ent 
w ith  th e  views o f Knox and g iv e  no su p p o rt to  th e  s ta tem en t o f Weber 
t h a t  th e  m etab o lic  p a t te r n  o f th e  can cer c e l l  i s  s p e c if ic  to  n e o p la s ia  
and a  s im i la r  p a t te r n  cannot be found in  immature l i v e r .
d) The Anomalous B ehaviour o f M alic  Enzyme
In  Weber1s n o tio n  of m o lecu lar c o r r e la t io n  m alic  enzyme i s  
a s s ig n e d  to  a  c a teg o ry  o f 'c o in c id e n ta l  changes' a s  th e  a c t i v i t y  of 
t h i s  enzyme shows no c o r r e la t io n  w ith  grow th r a t e  (Weber and L ea, 1967; 
Weber, 1972). The in c re a s e  in  a c t i v i t y  of m alic  enzyme in  th e  p rim ary  
tum ours i s  anomalous to  a  f o e t a l  concept of n e o p la s ia  a s  one would 
expec t a  re d u c tio n  in  a c t i v i t y  o f t h i s  a d u l t  enzyme i f  n e o p la s ia  i s  
c h a r a c te r is e d  by a f o e t a l - l i k e  m etab o lic  p a t te r n .  There must be some 
b io lo g ic a l  re a so n  f o r  th e  in c re a s e  in  m alic  enzyme in  th e  p re n e o p la s t ic  
nodu les  and p rim ary  tum ours induced  by d ie th y ln itro sa m in e  a s  i t s  
in c re a s e  in  a c t i v i t y  c o in c id e s  w ith  th e  tra n s fo rm a tio n  to  th e  p re n e o p la s t ic  
s t a t e .
M alic  enzyme i s  g e n e ra l ly  though t to  be a s s o c ia te d  w ith  l ip o g e n e s is  
(Ramos and L e v e i l le ,  1974). I t s  in c re a se  a t  e ig h t weeks c o in c id e s  
w ith  s ig n i f ic a n t  f a t  d e p o s it io n  a t  t h i s  tim e and th e  two ev en ts  may 
w e ll be connected . L ip id  accum ulation  seems to  be a s s o c ia te d  w ith  c e l l  
d iv is io n  a n d /o r  DNA s y n th e s is  a s  m entioned above (S e c tio n  4 .1 .1 .  d ) .
S ince  h y p e rp la s ia  in c re a s e s  from th e  e ig h th  week o f d ie th y ln itro sa m in e  
tre a tm e n t onwards t h i s  m ight be p a r t ly  re s p o n s ib le  f o r  th e  in c re a s e  in  
f a t  d e p o s it io n  and m alic  enzyme a c t i v i t y .
A l te r n a t iv e ly ,  o th e rs  have su g g ested  th a t  m alic  enzyme a c t i v i t y  
i s  n o t a s s o c ia te d  w ith  f a t t y  a c id  s y n th e s is .  That m alic  enzyme f a i l s  
t o  c o r r e la te  w ith  a n o th e r  NADPH g e n e ra tin g  pathway, th e  p en tose  phosphate 
pathw ay, and w ith  th e  u t i l i z a t i o n  o f NADPH f o r  f a t t y  a c id  s y n th e s is  
d u rin g  developm ent (Madvig and Abraham, 1980) and under d i f f e r e n t  d ie ta r y  
c o n d itio n s  (S tark - e t  aL , 1975) has been dem onstra ted . The NADPH 
g e n e ra te d  by m alic  enzyme may in s te a d  serv e  a s  a  source of red u c in g  
e q u iv a le n ts  f o r  DNA s y n th e s is .  M alic enzyme was e le v a te d  a f t e r  p a r t i a l  
hepatectom y d u rin g  th e  f i r s t  DNA s y n th e s is in g  phase a t  e ig h te en  hours 
(T ab le  3*5*1), b u t th e n  d e c lin e d  in  a c t i v i t y  even though a c t iv e  DNA 
s y n th e s is  co n tin u ed . On th e  o th e r  hand red u c in g  e q u iv a le n ts  g e n e ra te d  
by m alic  enzyme a c t i v i t y  m ight be in v o lv ed  in  g lu ta th io n e  re d u c tio n  
(S ta rk  e t  aL , 1975; R ognstad, 1980). Sauer e t  a l .( l9 8 0 )  have su g g ested  
th a t  in c re a s e s  in  m alic  enzyme a re  p ro g re s s io n - lin k e d  in  a  s e r i e s  of 
t r a n s p la n ta b le  hepatom as ( i n  c o n tra s t  to  W eber's o b se rv a tio n  t h a t  m alic
enzyme does not correlate with growth rate). These workers suggest 
that malic enzyme is involved in energy production i.e. hy the conversion 
of excess malate to pyruvate which is then available for oxidation to 
CO^ via pyruvate dehydrogenase. Thus, flux through the Krebs cycle 
may be maintained with malate as the sole respiratory substrate.
These functions of malic enzyme are summarised in Fig. ty.l.
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. P ro d u c tio n  o f CO  ^ from m ala te  was found to  be in c re a se d  in  some 
tr a n s p la n ta b le  tum ours w hereas f a t t y  a c id  o x id a tio n  was reduced  (Cederbaum 
and Rubin, 1978).
The p o s s ib le  a s s o c ia t io n  o f m alic  enzyme w ith  g lu ta th io n e  
re d u c tio n  i s  in te r e s t in g  a s  a l t e r a t i o n s  in  g lu ta th io n e  m etabolism  a re  
observed  in  h e p a to c e l lu la r  carcinom as and p re n e o p la s t ic  le s io n s .  One 
e a r ly  change in  h e p a to c y te s  i s  th e  e le v a tio n  o f X -glutam yl tra n s p e p t id a s e  
(H arada e t  a l., 1978; Id a , 1977; Cameron e t  a l . , 1978; B o e l s t e r l i ,  1979;
Demi and O e s te r le , 1980; F ia la  e t  aL , 1980). tf-glutam yl tra n s p e p tid a s e  
i s  a  g lu ta th io n e  degrad ing  enzyme in v o lv ed  in  th e  t r a n s p o r t  o f amino 
a c id s  (T a te is h i  e t  aL , 1980) and p re s e n t in  f o e t a l  h ep a to cy te s  (K alengay i 
e t  a l . , 1975)• O ther enzymes in v o lv ed  in  g lu ta th io n e  m etabolism  a re  
a l t e r e d  : g lu ta th io n e  o x id a tio n  in  h e p a to c e l lu la r  carcinom as i s  reduced
because o f a  d ecrease  in  g lu ta th io n e  p e ro x id ase  and in c re a se  in  
g lu ta th io n e  re d u c ta se  (P in to  e t  aL t 1 980a ,b ). • The g lu ta th io n e  co n ten t 
o f p re n e o p la s t ic  f o c i  i s  in c re a se d  (F ia la  e t  aL , 1978) and i t  has been 
su g g ested  th a t  h igh  g lu ta th io n e  le v e l s  could  be re s p o n s ib le , a t  l e a s t  
in  p a r t ,  f o r  th e  r e s is ta n c e  o f p re n e o p la s t ic  f o c i  to  carc inogen  cy to ­
t o x i c i t y  by enhancing th e  c a p a c ity  of th e  c e l l  f o r  d e to x if ic a t io n  of 
e lc t r o p h i le s  by c o n ju g a tio n  (F ia la  e t  aL , 1978; Demi and O e s te r le , 1980).
e) Enzyme Activities in Regenerating Liver
Weber ( 1966 ; 1975; 1980) and Knox (1978) a re  bo th  ag reed  th a t  
th e  m etab o lic  p a t te r n  o f th e  re g e n e ra tin g  l i v e r  a f t e r  p a r t i a l  hepatectom y 
i s  d i f f e r e n t  from t h a t  o f h e p a to c e l lu la r  carcinom as. These, a u th o rs  s 
have s tu d ie d  th e  re g e n e ra tin g  l i v e r  only  a t  tw en ty -fo u r hours a f t e r  
p a r t i a l  hepatectom y and su g g ested  th a t  th e  grow th r a te  a t  t h i s  tim e 
i s  s im i la r  to  t h a t  in  th e  tum our. However, a t  tw e n ty -fo u r hours th e  
c e l l s  a re  only  j u s t  becoming m i to t i c a l ly  a c t iv e  and only  a  few c e l l s  
a re  d iv id in g , th e  m a jo r ity  o f th e  c e l l s  be ing  e i th e r  q u ie sc e n t o r in  
a  p r e - r e p l ic a t iv e  p h ase . Much o f th e  growth a t  t h i s  tim e -p o in t i s  
due to  c e l l u l a r  h y p ertrophy  which may p a r t ly  be accounted  f o r  by l i p i d  
accum ula tion .
Care was ta k en  in  th e  experim ents w ith  p a r t i a l l y  h ep atec tom ised  
r a t s  to  a ssa y  th e  l i v e r  a t  th e  same tim e each morning a s  th e re  i s  a 
c irc a d ia n  rhythm  in  DNA s y n th e s is  and subsequent c e l l  d iv is io n , th e  
peak o f DNA s y n th e s is  o c cu rrin g  a t  th e  end o f th e  dark  phase ( S c h u lte -  
Herman, 1975)• V a r ia tio n  in  th e  enzyme p r o f i l e  in  th e se  experim ents 
th e re fo re  was n o t due to  d iu rn a l, rhythm .
Weber (1975) observed  no change in  th e  a c t i v i t y  of g lu co se  6 - 
phosphatase  o r phosphoenolpyruvate carboxyk inase . I n  th e  work p re se n te d  
here  (T ab le  3*5*l )  a t  tw e n ty -fo u r h o u rs , and a t  subsequent tim e s , an 
e le v a tio n  o f th e  l a t t e r  enzyme and re d u c tio n  of th e  fo rm er was seen .
An in c re a s e  in  th e  a c t i v i t y  of phosphoenolpyruvate carboxykinase  has 
been no ted  by o th e rs  (Brinkmann e t  a l . , 1978; K atz, 1979)* However, 
th e se  a u th o rs  f a i l e d  to  observe decreased  g lu co se  6 -phosphatase  a c t i v i t y  
a lth o u g h  Brinkmann e t  a l .  (1978) do observe a  p e r ip o r ta l  lo s s  of t h i s  
enzyme. Knox (1978) a ls o  r e p o r t s  n ea r normal a c t i v i t y  o f t h i s  enzyme
in  th e  re g e n e ra tin g  l i v e r  tw e n ty -fo u r hours a f t e r  p a r t i a l  hepatectom y. 
Brinkmann e t  a l . (1978) and K atz (1979) r e p o r t  a  re d u c tio n  in  g lu co k in ase  
a c t i v i t y  and t h i s ,  in  th e  absence o f any d if f e r e n c e s  in  hexokinase 
and o th e r  g ly c o ly t ic  enzymes, coupled  w ith  th e  in c re a se  in  phospho­
en o lp y ru v a te  carboxykinase means t h a t  th e re  i s  an enhanced c ap a c ity  
f o r  g lu co n eo g en esis  in  th e  re g e n e ra tin g  l i v e r .  Enhanced g luco n eo g en esis  
i s  n ecessa ry  to  p re v e n t th e  an im al develop ing  severe  hypoglycaem ia.
The m aintenance o f b lood  g lu co se  le v e l s  a f t e r  p a r t i a l  hepatectom y 
h as been d e sc r ib e d  p re v io u s ly  (Leduc, 198^ ; D an iel e t  aL , 1980).
In  th e  work p re se n te d  h e re  (T able 3*5*1) f o r  th e  f i r s t  th re e  
days a f t e r  p a r t i a l  hepatectom y th e  lo s s  o f g lu co k in ase  was accompanied 
by an in c re a s e  in  hexokinase in  c o n tra s t  to  th e  f in d in g s  of unchanged 
hexokinase by Weber (l975)»  Brinkmann e t  a l . (1978) and K atz (1979)*
O ther a u th o rs  r e p o r t  an in c re a s e  in  hexokinase (S ato  e t  aL , 1989;
Knox, 1978) a lth o u g h  in  some cases  th e  e le v a tio n  was very  s l i g h t  
(W alker and P o t t e r ,  1972). The in c re a s e  in  hexokinase was n o t a s  
marked a s  th e  d ec rea se  in  g lu co k in ase  (T able 3*5*1) and th e  r e s u l t s  
p ro b ab ly  in d ic a te  a  reduced  g ly c o ly t ic  c a p a c ity  o v e r a l l .  The re d u c tio n  
in  g lu co se  6 -phosphatase  a c t i v i t y  d u rin g  l i v e r  re g e n e ra tio n  seen in  
th e  experim en ts p re se n te d  h ere  i s  a t  v a rian ce  w ith  th e  need f o r  enhanced 
g lu co n eo g en esis . P o s s ib ly  th e  p ro d u c tio n  o f t h i s  enzyme i s  in co m p atib le  
w ith  c e l l  d iv is io n  which would e x p la in  i t s  lo s s  p e r ip o r ta l ly .  Three 
days a f t e r  th e  o p e ra tio n  n o t on ly  i s  g lucose  6 -phosphatase  a c t i v i t y  
a t  a  minimum b u t a ls o  phosphoenolpyruvate carboxykinase a c t i v i t y  i s  
low er th a n  c o n tro l  l e v e l s .  T h is  lo s s  o f g luconeogen ic  c a p a c ity  might 
be somewhat o f f s e t  by th e  f a c t  t h a t  g lu co k in ase  i s  a ls o  g r e a t ly  reduced  
(a lth o u g h  hexokinase rem ains e le v a te d )  a t  th r e e  days a f t e r  th e  o p e ra tio n .
G lucose 6 -phosphate  dehydrogenase, w h ils t  be ing  e le v a te d  in  th e  
p r e - r e p l ic a t iv e  phase (e ig h te e n  hours a f t e r  th e  o p e ra tio n ) was reduced  
du rin g  th e  p e r io d  ofm ost r a p id  grow th (T able 3*5*1). Knox (1978) 
a ls o  observed  a  re d u c tio n  o f t h i s  enzyme d u rin g  l i v e r  reg e n e ra tio n .-  
T h is  f in d in g : was unexpected  a s  th e  pen to se  phosphate pathway, which 
g e n e ra te s  NADPH and r ib o s e ,  i s  th ough t to  be in t e g r a l  to  DNA s y n th e s is .  
M alic enzyme fo llo w s  a  s im i la r  course  a f t e r  p a r t i a l  hepatectom y i . e .  
t h a t  i t  i s  e le v a te d  a t  e ig h te e n  hours i s  reduced  up to  th re e  days, a f t e r  
th e  o p e ra tio n  and i s  e le v a te d  a t  f iv e  days (T ab le  3*5*1)* Thus th e re
i s  a  g e n e ra l low ering  o f NADPH p ro d u c tio n  between one and th re e  days 
a f t e r  p a r t i a l  hepatectom y.
• Longenecker and W illiam s (1979) a lso  found a decrease  in  pen tose 
phosphate pathway a c t i v i t y  in  c e l l s  i s o la te d  from  re g e n e ra tin g  l i v e r  
tw en ty -fo u r hours a f t e r  p a r t i a l  hepatectom y. In  normal l i v e r  30% of 
g lucose  i s  m e tab o lised  th rough  t h i s  pathway bu t in  re g e n e ra tin g  l i v e r  
t h i s  was reduced  to  12%, They su ggest two ex p lan a tio n s  f o r  t h i s :  
l )  t h a t  th e re  i s  a  la rg e  in c re a s e  in  t o t a l  g lucose  m etabolism  during  
re g e n e ra tio n  which en ab le s  s u f f i c i e n t  carbon f lu x  th rough  th e  pen tose  
phosphate pathway to  su p p o rt th e  sy n th e s is  o f re q u ire d  growth i n t e r ­
m ed ia tes ; o r 2) t h a t  th e re  i s  no in c re a s e  in  carbon f lu x  and new 
q u e s tio n s  about th e  r o le  o f th e  pen to se  phosphate pathway must be 
in v e s t ig a te d .
Thymidine k in a se , a s  expected  was g r e a t ly  e le v a te d  during  th e  
f i r s t  two days a f t e r  p a r t i a l  hepatectom y c o r r e la t in g  w ith  th e  r e q u ir e ­
ment f o r  DNA s y n th e s is  du rin g  th e  r a p id  grow th phase (T able 3*5*1)•
As th e  p r o l i f e r a t i v e  a c t i v i t y  of th e  l i v e r  d ecreased  a f t e r  th r e e  days 
so thym idine k in a se  a c t i v i t y  d e c lin e d  to  reach ' n e a r  normal l e v e l s  a t  
f iv e  and seven days.
There was a  re d u c tio n  in  g lu tam ate  dehydrogenase and a s p a r ta te  
am in o tra n s fe ra se  du rin g  re g e n e ra tio n  (T able 3*5*1) and t h i s  f in d in g  
ag re es  w e ll w ith  th e  o b se rv a tio n  th a t  u rea  o u tp u t by th e  re g e n e ra tin g  
l i v e r  i s  reduced  (Leduc, 1964). Reduced p ro te in  breakdown and u n a lte re d  
p ro te in  s y n th e s is  seen  in  re g e n e ra tin g  l i v e r  may be re sp o n s ib le  f o r  
n e t  p ro te in  g a in  and grow th (S co rn ik , 1975)•
The p a t te r n  o f enzyme a c t i v i t y  a t  th re e  days showed s im ila r  
f e a tu r e s  to  t h a t  seen in  th e  l a t e r  s ta g e s  of c a rc in o g e n e s is , h e p a tic  
tum ours and th e  f o e t a l  l i v e r .  At t h i s  s tag e  to o , b i l e  duct p r o l i f e r a t i o n  
was e v id e n t, a  f e a tu r e  which i s  a ls o  found in  th e  develop ing  tum ours 
and in  th e  n e o n a ta l (b u t no t f o e t a l )  l i v e r  (S e c tio n  4 .1 .1  b ) . S ch o lia  
e t  a l . (1980) have perform ed DNA/RNA h y b r id iz in g  experim ents w ith  normal 
and re g e n e ra tin g  l i v e r  and found th a t  w hereas a t  tw elve  and tw e n ty -fo u r 
hours a f t e r  th e  o p e ra tio n  th e  sequences in  th e  re g e n e ra tin g  l i v e r  were 
s im ila r  to  norm al a t  th r e e  days th e y  were d i f f e r e n t .  T his d if f e r e n c e  
was m ostly  due to  changes in  th e  frequency  of e x is t in g  sequences r a th e r  
th an  th e  appearance o f new s p e c ie s . I t  would be in t e r e s t in g  to  determ ine
if there was an increased similarity in RNA sequences between foetal 
liver and regenerating liver three days after partial hepatectomy.
Some s i m i l a r i t i e s  between f o e t a l  and re g e n e ra tin g  l i v e r  (Walker 
and P o t t e r ,  1972;Bonnev e t  a l , 1973) and between t r a n s p la n ta b le  hepatom as, 
e s p e c ia l ly  slow growing ones, and re g e n e ra tin g  l i v e r  (W alker and P o t t e r ,  
1972f S chap ira  e t  a l , 1973) have been observed .
P o r ta l  b lood  flow  i s  im p o rtan t in  l i v e r  re g e n e ra tio n , i t  i s  
in c re a s e d  a f t e r  p a r t i a l  hepatectom y (W einbren, 1973) an<i  on ly  th o se  
a re a s  su p p lie d  w ith  p o r ta l  b lood grow ( S ta r z l  and Putnam, 1975)• P o r ta l  
b lood  w i l l  s t im u la te  grow th of l i v e r  e x p la n ts  b u t p e r ip h e ra l  b lood  w i l l  
n o t (S c h in d le r  e t  aL , 1975)* P a n c re a t ic  hormones, p a r t i c u la r ly  in s u l in ,  
a re  th o u g h t to  be th e  im p o rtan t f a c to r s  ( Bucher, 1975)* There may be 
an  a l t e r e d  chem ical environm ent in  th e  l i v e r  a f t e r  p a r t i a l  hepatectom y 
due to  in c re a s e d  p o r ta l  b lood  flo w  which may be p a r t ly  re s p o n s ib le  
f o r  some o f th e  changes.
The elevation of phosphoenolpyruvate carboxykinase in regenerating 
liver is similar to the situation in neonatal liver but different 
from foetal and neoplastic liver. It may therefore possibly be useful 
as a diagnostic discriminant between.regenerating liver after injury 
and neoplastic or preneoplastic conditions of the liver. The reduction 
in glucose 6-phosphate dehydrogenase may also help distinguish between 
regenerating and cancerous liver.
4 .1 .4 .  O ncofoeta l Changes Found in  N on-N eoplastic  S ta te
Two commonly used  m arkers f o r  h e p a to c a rc in o g e n e s is , i . e .  e le v a tio n s  
o f 5 -g lu ta m y ltra n sp e p tid a se  and a - f e to p r o te in ,  may be found in  re g e n e ra tin g  
l i v e r .  H y p e rp la s tic  nodu les t h a t  a r i s e  a f t e r  p o r ta c a v a l anastam o sis  
n o t on ly  have a  s im ila r  a r c h i t e c tu r a l  appearance to  p re n e o p la s t ic  
nodu les (W einbren and W ashington, 1976) b u t a ls o  c o n ta in  h ep a to cy te s  
w ith  5 -g lu tam yl tra n s p e p tid a s e  a c t i v i t y  (M uller e t  aL , 1974; Colombo 
and Gigon, 1979)* L iv e r re g e n e ra t io n  a f t e r  p o iso n in g  w ith  CCl^ i s  
accom panied by an e le v a tio n  o f #-g lu tam y l tra n s p e p tid a s e  (H arada e t  aL , 
1976)« S im ila r ly  e th an o l tre a tm e n t causes an e le v a tio n  of -g lu tam y l 
t r a n s p e p tid a s e  ( i s h i i  e t  aL , 1978; Ideo  e t  aL , 1980).
The in c re a s e  in  a - f e to p r o te in  i s  a ls o  n o t e n t i r e ly  s p e c i f ic  to  
h e p a to c a rc in o g e n e s is . R ise s , a l b e i t  t r a n s i t o r y ,  in  a - f e to p r o te in  a re  
seen a f t e r  p a r t i a l  hepatectom y and to  a  g r e a te r  e x te n t ,  a f t e r  po ison ing  
w ith  CCl^ (S ti l lm a n  and S e l l ,  1979)* The' in c re a se  i s  no t c o r r e la te d  
n e c e s s a r i ly  w ith  m ito t ic  a c t i v i t y ,  a s  when an anim al undergoes p a r t i a l  
hepatectom y and CCl^ tre a tm e n t th e re  i s  low m ito t ic  a c t i v i t y  bu t 
a - f e to p r o te in  l e v e l s  a re  e le v a te d  (Mohanty e t  a l ., 1978). O ther h ep a to - 
’to x in s  a ls o  cause an in c re a s e  in  a - f e to p r o te in  ( S e l l  and B ecker, 1978). 
P henobarb itone in d u ces  an e le v a tio n  o f a - f e to p r o te in  w ith in  s ix  hours 
o f a d m in is tra t io n , i . e .  b e fo re  c e l l  d iv is io n ,  and in  t h i s  case th e  
e le v a tio n  i s  th o u g h t to  be a s s o c ia te d  w ith  hypertrophy  ( S e l l  and B ecker, 
1978).
The in c re a s e  in  a - f e to p r o te in  du rin g  c a rc in o g e n e s is  may be 
a s s o c ia te d  w ith  o v a l c e l l  p r o l i f e r a t i o n  a s  d u ring  ace tam id o flu o ren e  
c a rc in o g e n e s is , which in d u ces  n e c ro s is  and ova l c e l l  p r o l i f e r a t i o n ,  
th e re  i s  an in c re a s e  i n  a - f e to p r o te in  during  th e  e a r ly  s ta g e s  w hereas 
w ith  d ie th y ln itro sa m in e , which has low t o x i c i t y  and does n o t induce 
ova l c e l l  p r o l i f e r a t i o n ,  th e re  i s  no in c re a s e  in  a - f e to p r o te in  le v e l s  
u n t i l  tum ours form  (S tillm a n  and S e l l ,  1979)* S im ila r ly , when h ig h , 
necro g en ic  doses of n itro so m o rp h o lin e  a re  g iv en  th e re  i s  a  r i s e  in  
a - f e to p r o te in  accom panied by oval c e l l  p r o l i f e r a t i o n  in  which a - f e t o ­
p r o te in  can be dem onstrated  h i s to lo g ic a l ly .  With low doses o f n i t r o s o ­
m orpholine a - f e to p r o te in  was on ly  d e te c te d  in  th e  serum and in  th e  
n e o p la s t ic  h e p a to c y te s  once hepatomas had developed (Kuhlman, 1978).
Non a - f e to p r o te in  s e c re t in g  t r a n s p la n ta b le  hepatomas a re  a ls o  known 
t o  occur ( S e l l  and M o rris , 1974). E th io n in e , on th e  o th e r  hand, causes 
an. in c re a s e  in  a - f e to p r o te in  in  th e  absence o f in ju r y  (S tillm a n  and 
S e l l ,  1979).
The d ec rea se  in  g lucose  6 -phosphatase  a c t i v i t y ,  which i s  a ls o  
u sed  a s  a  p re n e o p la s t ic  m arker, i s  seen w ith  CCl^ p o ison ing  ( id e o  e t  aL , 
1971) and in  d eg en e ra tin g  h e p a to c y te s  du rin g  h e p a t i t i s  in f e c t io n  
(Takemoto, 1979)* S im ila r ly , th e  in c re a s e  in  g lucose  6-phosphate  
dehydrogenase i s  a ls o  seen w ith  CCl^ p o iso n in g  (id e o  e t  aL , 1971)* 
Furtherm ore in  ex p erim en ta l in ju r y  by a v a r ie ty  of to x in s  an in c re a se  
in  f o e t a l  enzymes and isoenzym es and a  d ec rea se  in  a d u l t  enzymes and 
isoenzym es has been observed  (T aketa  e t  a l., 1976).
4 .1 .5 .  A S t a t i s t i c a l  A n a ly sis  o f R e t r o d i f f e r e n t ia t io n  During L iv er 
C arc in o g en esis  and R eg en era tio n
During ch ro n ic  d ie thy ln itro sam ine  tre a tm e n t most of th e  enzymic 
a l t e r a t i o n s  a re  c o n s is te n t  w ith  an approach to  fo e ta l is m , i . e .  thym idine 
k in a se  and hexokinase in c re a s e  and th e  o th e r  enzymes d ecrease  in  a c t i v i t y .  
The d e v ia t io n  from  normal a c t i v i t i e s  becomes more marked w ith  con tinued  
d ie th y ln itro sa m in e  a d m in is tr a t io n  a s  expected  i f  more c e l l s  a re  becoming 
a f f e c te d  by th e  carc in o g en . E xcep tions to  th e  g ra d u a l change a re  
g lucose  6-phosphate  dehydrogenase and m alic  enzyme which a re  a t  f i r s t  
d ep ressed  b u t become e le v a te d  l a t e r  (T able 3 * 2 .1 ) . The p a t te r n  of 
g lucose  6-phosphate  dehydrogenase ex p re ss io n  i s  th e re fo re  s im ila r  to  
a  r e v e r s a l  o f th e  p a t te r n  o f i t s  ex p re ss io n  d u rin g  normal d i f f e r e n t i a t i o n  
(F ig . 3 .2 .1 . (  i i i ) ) .  M alic  enzyme, a s  r e f e r r e d  to  above (S e c tio n  4 .1 .3& ) 
i s  anomalous in  t h i s  r e s p e c t .  The g rad u a l n a tu re  of th e  changes of 
a c t i v i t y  f o r  th e  o th e r  enzymes on th e  whole means t h a t  th e  n a tu re  o f 
th e  change i s  s im i la r  to  a  r e v e r s a l  o f normal d i f f e r e n t i a t i o n .
However, g lu co se  6-p h o sp h a tase  and phosphoenolpyruvate carboxykinase 
show p o s tn a ta l  r i s e s .  T h is  i s  n o t r e f l e c t e d  by an in c re a s e  in  t h e i r  
a c t i v i t i e s ,  p r io r  to  a  d e c re a se , d u ring  d ie th y ln itro sa m in e -in d u c e d  
h e p a to c a rc in o g e n e s is . G lucose 6-phosphatase  and phosphoenolpyruvate 
carboxykinase respond  p e r in a ta l ly  to  an in c re a se d  demand f o r  g lu co n eo g en esis  
because o f p e r in a ta l  hypoglycaem ia and because o f th e  low carb o h y d ra te  
d i e t  d u ring  su c k lin g . S ince th e  an im als du rin g  th e  c a rc in o g e n e s is  
experim ent were n o t on a  low carbohydrate  d ie t  and no t expected  to  
become hypoglycaem ic u n t i l  la rg e  tum ours a r i s e ,  t h i s  la c k  o f e le v a tio n  
o f th e s e  two enzymes i s  n o t unexpected .
S t a t i s t i c a l  a n a ly s is  however, r e v e a ls  t h a t  du rin g  th e  e a r ly  
s ta g e s  of ch ro n ic  d ie th y ln itro sa m in e -in d u c e d  h ep a to c a rc in o g en e s is  th e  
l i v e r  showed a  s ig n i f ic a n t  c o r r e la t io n  w ith  bo th  th e  w eanling and th e  
f iv e -d a y  o ld  r a t  l i v e r .  A f te r  s ix  weeks however, th e  on ly  s ig n i f i c a n t  
c o r r e la t io n  was seen  w ith  th e  f o e t a l  l i v e r  (T ab le  3 * 2 .2 ) . T h is would 
seem to  su ggest t h a t  p r io r  to  adop ting  a  f o e t a l  p a t te r n  of enzyme 
a c t i v i t y ,  th e  l i v e r  d u ring  c a rc in o g e n e s is  p a sse s  th rough  l e s s  immature 
p a t te r n s  i . e .  i t  undergoes a  s tepw ise  r e t r o d i f f e r e n t i a t i o n .
The enzyme p a t te r n  o f th e  tr a n s p la n ta b le  tum ours a ls o  showed 
s t a t i s t i c a l l y  s ig n i f ic a n t  c o r r e la t io n  w ith  f o e t a l  l i v e r  (T able 3 . 6 . 3 ) 
r e in fo r c in g  th e  id e a  t h a t  n e o p la s ia  i s  a s s o c ia te d  w ith  fo e ta l is m .
Both tum ours, p a r t i c u l a r l y  WDA a ls o  c o r r e la te d  s ig n i f ic a n t ly  w ith  
th e  enzyme p a t te r n  o f th e  p rim ary  hepatoma induced  by d ie th y ln i t r o s ­
amine (T ab le  3*6*3)• T his su g g es ts  t h a t  th e  enzyme changes in  th e  
prim ary  tumour were c h a r a c t e r i s t i c a l l y  n e o p la s t ic .
T h is  r e t r o d i f f e r e n t i a t i o n  was a ls o  seen in  th e  re g e n e ra tin g  
l i v e r  a f t e r  p a r t i a l  hepatectom y. Up to ,  and in c lu d in g  f o r ty - e ig h t  
hours a f t e r  th e  o p e ra tio n  th e  g r e a te s t  c o r r e la t io n  was observed  w ith  
th e  n e o n a ta l r a t  between f iv e  and te n  days p o s t partum  (T able 3*5*2).
D uring t h i s  p e r io d  th e  re g e n e ra tin g  l i v e r  c o r r e la te d  s ig n i f i c a n t ly  w ith  
th e  e a r ly  s ta g e s  of h e p a to c a rc in o g en e s is  to o  (T able 3*5*2).
At th re e  days, however, when most o f th e  r a p id  phase o f c e l l  
d iv is io n  i s  o v er, in  c o n tra d ic t io n  o f G re e n s te in 's  (1954), K nox's 
(1976) and W eber's (1975) s ta te m e n ts , th e  re g e n e ra tin g  l i v e r  c o r r e la te d  
s ig n i f i c a n t ly  w ith  f o e t a l  l i v e r .  I t  d id  n o t c o r r e la te  w ith  th e  o th e r  
developm ental s ta g e s .  At t h i s  p o in t a s ig n i f ic a n t  c o r r e la t io n  was 
a ls o  seen  w ith  th e  l a t e r  s ta g e s  o f c a rc in o g e n e s is . C u rio u s ly , a l l  
s ta g e s  o f re g e n e ra tio n  c o r r e la te d  s ig n i f i c a n t ly  w ith  th e  UA tumour 
(T ab le  3 . 6 . 3 ) .
These d a ta  su g g est t h a t  b o th  th e  re g e n e ra tin g  l i v e r  and th e  l i v e r  
du rin g  c a rc in o g e n e s is  undergo a  s im ila r  s e t  o f changes to  a r r iv e  a t  a  
f o e t a l  m etab o lic  p a t te r n .  The p re n e o p la s t ic  l i v e r  rem ains tra p p e d  in  
t h i s  f o e t a l  s t a t e  (p o s s ib ly  because o f co n tin u ed  p resence  o f th e  carc inogen ) 
w hereas th e  re g e n e ra tin g  l i v e r  r e t a in s  th e  c a p a c ity  to  r e d i f f e r e n t i a t e  
ag a in  p a ss in g  th ro u g h  m etab o lic  p a t te r n s  s im ila r  to  t h a t  o f th e  te n -d a y  
o ld  r a t  l i v e r  and th e  l i v e r  du rin g  e a r ly  carc inogen  tre a tm e n t. The 
p roposed  sequence o f e v en ts  ta k in g  p la c e  d u rin g  d i f f e r e n t i a t i o n ,  
re g e n e ra tio n  and h e p a to c a rc in o g en e s is  a re  g iv en  in  F ig u re  4 .2 .
These r e s u l t s  a re  c o n s is te n t  w ith  th e  view ex p ressed  e a r l i e r  .
(W alker and P o t t e r ,  1972) t h a t  a  f u l l y  m ature h ep a to cy te  cannot undergo 
d iv is io n  w ithou t some degree o f d e d i f f e r e n t ia t io n  and th a t  s im i la r  
s ta g e s  o f d e d i f f e r e n t ia t io n  o ccu r in  bo th  re g e n e ra tin g  and p recan cero u s 
l i v e r  to  g iv e  r i s e  to  a  p o p u la tio n  of c e l l s  capable  o f c e l l  d iv is io n .
A f te r  d iv is io n  th e  c e l l s  undergo m a tu ra tio n  o r  reon togeny , and w hereas •
F ig u re  4 .2  D if f e r e n t ia t io n  and D e d if fe re n t ia t io n  During Development, 
R eg en era tio n  and C arc in o g en esis
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t h i s  i s  com plete in  th e  re g e n e ra te d  l i v e r  a f t e r  p a r t i a l  hepatectom y 
th e  p ro cess  i s  b locked  a t  v a r io u s  s ta g e s  in  th e  p recancerous l i v e r .
As su p p o rt f o r  t h e i r  view t h a t  th e  p recancerous h ep a to cy te s  undergo a 
c e r ta in  degree o f m a tu ra tio n  th ey  show th a t  th e  p recan cero u s le s io n s  
induced  by 3 ' -m ethyl-4-dim ethylam inoazobenzene have more f o e ta l  
c h a r a c te r i s t i c s  th a n  do some of th e  'm inim al d e v ia t io n ' t r a n s p la n ta b le  
hepatom as. I t  i s  p o s s ib le  though th a t  t h e i r  c a rc in o g e n e s is  regim e 
Induces more d e d i f f e r e n t i a t i e d  tum ours th an  th o se  used  to  produce th e  
'm inim al d e v ia t io n ' hepatom as. D imethylaminoazobenzene i s  known to  
produce p o o rly  d i f f e r e n t i a t e d  h e p a to c e l lu la r  carcinom as and ch o lan g io - 
sarcom as (S a to  e t  aL , 1978). I t  i s  th e re fo re  not v a l id  to  say th a t  th e  
p re -n e o p la s t ic  le s io n s  w i l l  g iv e  r i s e  to  l e s s  d e d i f f e r e n t ia te d  tum ours. 
However, th e  m a jo r ity  of a l t e r e d  f o c i  a re  capab le  of m a tu ra tio n  to  
normal h e p a to c y te s  and only  a  sm all p ro p o r tio n  of them g iv e  r i s e  to  
tum ours (K itagawa and Sugano, 1973)* In  th e  work p re se n te d  here  
s t a t i s t i c a l  a n a ly s is  o f th e  enzyme d a ta  shows th a t  th e  l i v e r  o f th e  r a t  
t r e a te d  f o r  s ix  weeks w ith  d ie th y ln itro sa m in e  shows g r e a te r  s im i la r i ty  
w ith  th e  f o e t a l  l i v e r ,  and th e  re g e n e ra tin g  l i v e r  a t  th re e  days a f t e r  
th e  o p e ra tio n , th a n  i t  does su b seq u en tly  (T ab les  3 * 2 .2 , 3*5*2). T his 
i s  presum ably due to  th e  anomalous in c re a s e  in  m alic  enzyme a c t i v i t y  
a f t e r  t h i s  tim e , though i t  may r e f l e c t  some degree o f m a tu ra tio n . 
F urtherm ore , th e  amorphous mass o f h ep a to cy te s  in  th e  p re n e o p la s t ic  
nodule (P la te s  2 .1 1 , 2 .18 ) i s  r e p re s e n ta t iv e  o f more, immature a r c h i t e c ­
t u r a l  form s th a n  th e  t r a b e c u la r  arrangem ent o f many o f th e  u l t im a te  
tum ours ( P la te s  2 .2 4 , 3*32)* F u r th e r  in v e s t ig a t io n  i s  r e q u ire d  to  
determ ine i f  m a tu ra tio n  i s  ta k in g  p la c e  in  p re n e o p la s t ic  h ep a to cy te s  
d e s tin e d  to  develop  in to  tu m o u rs ..
C on trary  to  th e  su p p o s itio n  th a t  th e  p re n e o p la s t ic  h ep a to cy te s  
may undergo a  c e r t a in  degree of m a tu ra tio n  b e fo re  th e  u lt im a te  tum ours 
a r i s e  i s  th e  f in d in g s  o f S ato  e t  a l . ( l9 7 8 ) . These w orkers found an 
in c re a s e  in  enzymic im m atu rity  during  th e  p ro g re s s io n  from p re n e o p la s t ic  
nodules to  w e ll d i f f e r e n t i a t e d  hepatom as du rin g  ace ty lam in o flu o ren e  
c a rc in o g e n e s is .
U r ie l  ( l9 7 ^ j 1979) m a in ta in s  t h a t  t i s s u e  re g e n e ra tio n  and n e o p la s t ic  
change a re  accom panied by s tep w ise  r e t r o d i f f e r e n t i a t i o n ,  i . e .  a  re c a p ­
i t u l a t i o n  o f ontogeny in  re v e rs e  sequence. In  th e  case o f re g e n e ra tio n , • 
a s  renew al i s  accom plished , th e re  i s  a  r e d i f f e r e n t i a t i o n  a long  th e
th e  same pathway to  g iv e  r i s e  to  c e l l  ty p e s  c h a r a c te r i s t i c  of th e  
o r ig in a l  c e l l ,  a s  in  l i v e r  re g e n e ra tio n . The r e s u l t s  o b ta in ed  in  th e  
p re s e n t s tu d y , a s  d e sc r ib e d  above (summarised in  F ig . 4 .2 )  ag ree  w ith  
t h i s  h y p o th e s is . The d e d i f f e r e n t ia te d  c e l l s  may a l t e r n a t iv e ly  r e d i f f -  . 
e r e n t i a t e  a long  a  d i f f e r e n t  pathway to  g ive  r i s e  to  o th e r  c e l l  ty p es  -  
m e ta p la s ic  s h i f t  ( U r ie l ,  1976; 1979)* Such a m e tap las ic  s h i f t  i s  
seen  in  W olffian  le n s  re g e n e ra tio n  i . e .  rem oval o f th e  le n s  from 
c e r ta in  u ro d e l am phibians r e s u l t s  in  f u l l y  d i f f e r e n t i a t e d  i r i s  c e l l s  
undergoing  a s e r i e s  o f s te p s  o f d e d i f f e r e n t ia t io n  and th e n  le n s  
re g e n e ra t io n  beg in s  w ith  th e  s y n th e s is  o f le n s - s p e c i f ic  p r o te in s .  An 
analogous m e ta p la s ic  s h i f t  in  l i v e r  re g e n e ra tio n  and c a rc in o g e n e s is  
m ight be th e  observed  b i l e  duc t p r o l i f e r a t i o n  w ith  oval c e l l s  d i f f e r e n ­
t i a t i n g  in to  h e p a to c y te s  a s  d e sc rib e d  in  s e c t io n  4 .1 .1 .  b . Sugimura 
e t  a l . ( 1972) have observed  p ro p e r t ie s  in  hepatomas which do n o t correspond  
to  t h e i r  normal f o e t a l  c o u n te rp a r t ,  t h i s  may a ls o  be due to  d i f f e r e n t i a t i o n  
to  a  c e l l - ty p e  d i f f e r e n t  from th e  o r ig in a l  c e l l - ty p e .
O ther w orkers (M alkin e t  aL , 1978) have measured a b a t te r y  of 
seven d i f f e r e n t  enzymes, which show developm ental p h a s e -s p e c if ic  
p a t te r n s  o f e x p re ss io n , in  t r a n s p la n ta b le  hepatomas and prim ary  hepatomas 
induced  by th e  S o lt  and F a rb e r (1976) regim e i . e .  d ie th y ln itro sa m in e  
in d u c tio n , ace tam in o flu o ren e  s e le c t io n .  C on trary  to  th e  r e s u l t s  exp ressed  
i n  t h i s  t h e s i s  th e y  found th a t  th e  enzymic p r o f i l e  e x h ib ite d  by th e  
tum ours was no t c h a r a c te r i s t i c  o f any p a r t i c u l a r  phase o f ontogeny and 
th e re fo re  was in c o n s is te n t  w ith  th e  view o f synchronous, s tep w ise  
r e t r o d i f f e r e n t i a t i o n  o f mature h ep a to cy te s  o r a  sy s tem a tic  p h ase - 
s p e c i f ic  a r r e s t  in  normal developm ent. However, th e y  to o k  th e  peak 
a c t i v i t y  of th e  enzymes during  f o e t a l  o r n e o n a ta l growth to  be t h e i r  
s ta n d a rd  immature enzyme v a lu e s  f o r  com parison. Thus f o r  some o f th e  
enzymes e .g .  g lu co se  6-phosphatase  h igh  a c t i v i t y  was tak en  to  re p re s e n t  
th e  immature s t a t e  b u t in  th e  fo e tu s  th e se  enzymes a re  low in  a c t iv i ty . -  
A lso th e y  examined th e  tum ours i . e .  th e  en d -p o in t o f c a rc in o g e n e s is  
and n o t p re n e o p la s t ic  s ta g e s  so th ey  cannot u n eq u iv o ca lly  say th a t  a  
p ro c e ss  o f r e t r o d i f f e r e n t i a t i o n  d id  n o t ta k e  p la c e . P o t te r  (1973)1 
i n  an a ttem p t to  e x p la in  th e  ap p aren t d iv e r s i ty  of enzyme a c t i v i t i e s  
in  a  spectrum  of tum ours su ggested  th a t  th e  v a r io u s  enzymes were 
lo ck ed  in  a t  d i f f e r e n t  developm ental s ta g e s  so t h a t  any s p e c i f ic
hepatoma would n o t have an enzyme p a t te r n  t h a t  corresponds to  any 
p a r t i c u l a r  developm ental age in  normal l i v e r .  In  th e  work p re sen te d  
h ere  th e  enzymes seem to  v a ry  in  t h e i r  r a t e  of d e d i f f e r e n t ia t io n  (F ig .
2 .2  ( i  -  i x ) ) .  N e v e rth e le s s , s t a t i s t i c a l  a n a ly s is  re v e a ls  t h a t  o v e ra l l  
th e re  i s  an u n d e rly in g  stepw ise  r e t r o d i f f e r e n t i a t i o n  su g g estin g  a 
degree o f synchrony of enzymic d e d i f f e r e n t ia t io n .
I t  seems l i k e l y  from th e  ex p erim en ta l d a ta  p re se n te d  h ere  and 
in  th e  l i t e r a t u r e  (S e c tio n  4 .1 .1  a -  c; 4 .1 .2 ;  4 .1 .3  a ,b ,e ;  4 .1 .4 )  
t h a t  many of th e  changes observed  during  h e p a to c a rc in o g en e s is  a re  no t 
s p e c i f ic  to  n e o p la s t ic  change b u t a re  a lso  seen  in  re g e n e ra tin g  l i v e r  
a f t e r  p a r t i a l  hepatectom y and fo llo w in g  to x ic  in ju r y .  T his i s  presum ably 
because o f th e  u n d e rly in g  mechanism o f 'd e d i f f e r e n t ia t io n  in  h y p e rp la s ia  
w hether i t  be norm al, re g e n e ra t iv e  c e l l  d iv is io n  o r  abnorm al, m alignan t 
grow th. F u r th e r  work i s  needed b e fo re  such changes can be s a id  to  be 
u n eq u iv o ca lly  r e l a t e d  to  can ce r. S tu d ie s  shou ld  be c a r r ie d  ou t to  
determ ine th e  changes d u ring  a c u te  and ch ro n ic  l i v e r  in ju r y  to  enab le  
b io lo g ic a l  and b iochem ica l d is c r im in a n ts  between r e s to r a t iv e  and 
m alignan t growth to  be i d e n t i f i e d .  Once such d is c r im in a n ts  a re  known 
th e y  cou ld  be u sed  a s  more s p e c i f ic  m arkers f o r  n e o p la s ia . One 
p o s s ib le  b iochem ical d is c r im in a n t may be th e  e le v a tio n  o f phosphoenol­
p y ru v a te  carboxykinase in- re g e n e ra tin g  l i v e r  a f t e r  p a r t i a l  hepatectom y. 
A lthough i t  rem ains to  be determ ined  i f  t h i s  enzyme i s  a ls o  e le v a te d  
d u rin g  ch ro n ic  in ju r y .
4 .2 .  D e d if f e r e n t ia t io n  in  Host L iv e rs  o f Tumour-Bearing R ats
C o n tra ry  to  e x p e c ta tio n  th e  h o s t l i v e r  o f th e  tum our-bearing  . 
r a t s  showed l i t t l e  ev idence of d e d i f f e r e n t ia t io n  (S ec tio n  3*6 .3 ; Table 
3 *6 .3 ) a s  d e sc r ib e d  by o th e rs  (S e c tio n  1 .3 * 4 ). There was a  s ig n i f ic a n t  
e le v a t io n  in  thym idine k in a se  a c t i v i t y  in  th e  l i v e r  of th e  UA tum our- 
b ea rin g  r a t s  (T able 3*6 .1) bu t t h i s  was no t th e  case in  th e  l i v e r  of 
th e  WDA tum our-bearing  r a t  (T ab le  3 * 6 .2 ) . There was no s ig n i f ic a n t  
in c re a s e  in  hexok inase , g lu co se  6-phosphate  dehydrogenase o r  decrease  
in  g lu co k in ase  a s  re p o r te d  p re v io u s ly  (Suda e t  aL , 1966; H erz fe ld  and 
G reengard, 1972; G reengard , 1979; H erz fe ld  e t  aL , 1980). There was 
however, a  s ig n i f ic a n t  d ecrease  in  m alic  enzyme a c t i v i t y  in  th e  h o s t 
l i v e r  o f b o th  tum our-bearing  r a t s  (T ab les  3*6 .1 , 3*6 .2) a s  d e sc rib e d  
by H erz fe ld  and G reengard (1972). The h o s t l i v e r  o f th e  UA tum our- 
b ea rin g  r a t  d id  show s l i g h t l y  s ig n i f ic a n t  c o r r e la t io n  (0 .1  > p  > 0 . 05 , 
Table 3 *6 . 3 ) to  th e  f o e t a l  l i v e r ,  p robab ly  by v i r tu e  of th e  e le v a tio n  
o f thym idine k in a se  and d e p re ss io n  o f m alic  enzyme and g lu co se  6 - 
phosphatase  a c t i v i t i e s  (T ab le  3 * 6 .1 ) .
With th e  ex cep tio n  o f th e  human study  (H e rz fe ld  e t  a l . 1980) 
th e  tum ours used  in  th e  above m entioned s tu d ie s  were n o t h e p a to c e llu la r  
carcinom as. However, d e d i f f e r e n t ia t io n  has been dem onstrated  in  th e  
h o s t l i v e r s  o f r a t s  b e a rin g  t r a n s p la n ta b le  hepatom as (de Rosa and P i t o t ,  
19?8; M atth ae i, 1979)* Because o f th e  d iv e r s i ty  o f tumour b io ch em istry  
th e se  tum ours may s e c re te  d i f f e r e n t  chem ical m essengers o r cause 
d i f f e r e n t  m e tab o lic  d is tu rb a n c e s  from  th e  h e p a to c e l lu la r  carcinom as 
used  in  th e  p re s e n t s tu d y . Hepatomas and o th e r  tum ours may produce 
to x ic  m e ta b o lite s  o r  hormones, some o f which have been e x tra c te d  and 
shown to  a f f e c t  h o s t l i v e r  enzymes (G o ld farb  and P i t o t ,  1976). A 
common f e a tu r e  in  can cer i s  c ach ex ia ,an d  hypoglycaem ia may develop 
because o f th e  la rg e  g lu co se  up take  by th e  tum our (Cochrane and 
W illiam s, 1976). T h is  may e x p la in  th e  g lycogen d e p le t io n  seen in  
th e  h o s t l i v e r  of th e  UA tum our-bearing  r a t  (P la te  6 . 6 ) s in c e  th e  
r a t e  o f g lycogen d e p le t io n  in  tum our-bearing  r a t s  was found to  su rp a ss  
t h a t  of s ta rv e d  r a t s  in  one s tudy  (H ori e t  a l ., 1958). H yperlip idaem ia 
i s  a ls o  o f te n  seen in  advanced cancer because of th e  energy demand 
of th e  tumour ( P i t o t ,  1978) and th e  tumour may re le a s e  a  l i p i d -  / 
m o b ilis in g  f a c to r  (K itad a  e t  aL , 1980).
An in c re a s e  in  l i v e r  w eight i s  o f te n  seen in  tum our-bearing  
an im als (Y eakel, 1948), t h i s  i s  p a r t ly  due to  in c re a se d  w ater co n ten t 
(R echc ig l e t  a h , 196l) and p a r t ly  due to  increasedDNA s y n th e s is  
(Morgan and Cameron, 1973)» e s p e c ia l ly  during  most a c t iv e  tumour growth 
^H ori e t  aL , 1958), and m ito t ic  a c t i v i t y  of th e  l i v e r  (Annau e t  aL ,
1951i B aserga and K is ie le s k i ,  1961; T r o t te r ,  1961) .  I f  t r a n s p la n ta b le  
tum ours a re  in d u c in g  h o s t l i v e r  growth th en  t h i s  might e x p la in  th e  
d e d i f f e r e n t ia te d  p a t te r n  observed  by some a u th o rs  a s  experim ents w ith  
re g e n e ra tin g  l i v e r  (d e sc r ib e d  above: S ec tio n  4 .1 1  a -  c, 4 .1 .3  e) 
in d ic a te  t h a t  growth i s  accompanied by m orpholog ical and enzymic d e d i f f ­
e r e n t ia t io n .  The in c re a se  in  l i v e r  s iz e  in  th e se  cases  i s  p a r t ly  due 
to  in c re a se d  fu n c t io n a l  demand by th e  growing tumour i . e .  work 
hypertrophy  (Naora and N aora, 1964; T heo log ides and Pegelow, 1970)*
In  th e  experim en ts w ith  th e  UA and WDA tum ours h o s t l i v e r  grow th was 
n o t induced  which may accoun t f o r  th e  la c k  o f enzymic d e d i f f e r e n t ia t io n .
Work h y p ertrophy  a ls o  occu rs  d u rin g  pregnancy (Poo e t  a l., 1940) 
and a s im i la r ,  in c re a s e d , resp o n se  to  p a r t i a l  hepatectom y i s  seen in  
bo th  tum our-bearing  and p reg n an t an im als (T heo log ides and Z ak i, 1969)*
I t  m ight be ex pec ted  th e re fo re  th a t  changes in  th e  enzymic a c t i v i t y  
in  th e  l i v e r  o f tum our-bearing  r a t s  would be comparable to  changes 
in  enzymic a c t i v i t y  in  m a te rn a l l i v e r  du rin g  pregnancy. However, 
p re lim in a ry  experim en ts in d ic a te  t h a t  th e re  i s  no s ig n i f ic a n t  c o r r e la t io n  
between th e  l i v e r  o f p reg n an t r a t s  and tum our-bearing  r a t s  (T ab le  3 * 6 .5 )• 
The l i v e r  o f p reg n an t r a t s  d id  no t e x h ib i t  a  d e d i f f e r e n t ia te d  p a t te r n  
o f enzymes a lth o u g h  an in c re a s e  in  hexokinase a c t i v i t y  (n o t s ig n i f i c a n t )  
and d ecrease  in  g lu co se  6-pho sp h a tase  (p  <  0 .005) was observed  (T ab le
3 .6 .4 ) .  A s l i g h t l y  s ig n i f ic a n t  c o r r e la t io n  (0 .1  >  p >  0 .05) between 
th e  l i v e r  d u rin g  pregnancy and th e  l i v e r  tw e n ty -fo u r hours a f t e r  
p a t i a l  hepatectom y was observed , which may have been due to  th e  hyper­
t ro p h ic  and h y p e rp la s t ic  re sp o n se  o f th e  l i v e r  du rin g  pregnancy. T h is  
r e q u ir e s  f u r th e r  in v e s t ig a t io n  b e fo re  th e  b io lo g ic a l  s ig n if ic a n c e  
o f t h i s  c o r r e la t io n  can be a s c e r ta in e d .
^ .3  Two-Stage H ep ato ca rc in o g en esis
D ie th y ln itro sa m in e  ap p ea rs  to  a c t  a s  a  m u ltis ta g e  carcinogen , 
and in  a s im ila r  d ie ta r y  regim e to  th e  ch ro n ic  d ie th y ln itro sa m in e  
tre a tm e n t r e p o r te d  in  t h i s  t h e s i s  Barbason e t  aL , (l979&f  "b) d iv id e d  
th e  a c t io n  of th e  carc inogen  in to  th re e  s ta g e s . The f i r s t  s ta g e , 
in d u c tio n , co rrespond ing  to  one month o f tre a tm e n t, causes th e  
appearance of p re n e o p la s t ic  nodu les which a re  under hom eostatic  
c o n tro l and which f a i l  to  g iv e  r i s e  to  tum ours. A second month of 
tre a tm e n t causes an in c re a s e  in  s iz e  of th e  n o d u les , b u t no t an  in c re a s e  
i n  t h e i r  number, and a  100% tum our in c id e n c e . T h is co rresponds to  
th e  second s ta g e , prom otion, du rin g  which no new n e o p la s t ic  f o c i  a re  
induced . I f  d ie th y ln itro sa m in e  i s  a d m in is te red  f o r  a  f u r th e r  two 
weeks, o r co n tin u o u sly  u n t i l  d ea th  th e  tum ours a r i s e  and k i l l  th e  
anim al sooner th a n  i f  a d m in is tra t io n  had been d isco n tin u ed  a t  e ig h t 
weeks. T h is  i s  th e  p ro g re s s io n  s ta g e .
I n  a  ch ro n ic  c a rc in o g e n e s is  regim e b iochem ical and h i s to lo g ic a l  
in v e s t ig a t io n s  in to  th e  changes occuring  in  a  tw o -s tag e  c a rc in o g e n e s is  
model cannot be a c c u ra te ly  made a s  th e  co n tin u ed  p resen ce  of th e  
carc inogen  m ight induce changes o th e r  th a n  prom otion. F o r t h i s  re a so n  
in  th e  experim ents r e p o r te d  in  t h i s  t h e s i s  c a rc in o g e n e s is  i n i t i a t e d  
by d ie th y ln itro sa m in e  was prom oted by phenobarb itone  u sin g  a  method 
d e sc r ib e d  by K itagawa and Sugano (1978). T his method was chosen, 
because i t  d id  n o t in v o lv e  th e  use o f p a r t i a l  hepatectom y which, a s  
a lre a d y  d e sc r ib e d , in d u ces  d e d i f f e r e n t ia t io n  in  th e  l i v e r .
k .3 .1  P a th o lo g ic a l Changes
a ) Changes Due to  th e  Action af Phenobarb itone
Many o f th e  p a th o lo g ic a l  changes observed  in  th e  an im als t r e a t e d  
w ith  bo th  d ie th y ln itro sa m in e  and phenobarb itone  were due to  th e  a c t io n  
o f phenobarb itone  a s  th e y  w ere, on th e  whole, shared  by th e  c o n tro l  
an im als re c e iv in g  phenobarb itone  a lo n e . These changes were: l i v e r  
grow th; c e n t r i lo b u la r  c e l l  en largem ent; d ecreased  g lycogen and in c re a s e d  
f a t  d e p o s it io n .
L iv e r  grow th in  an im als  t r e a te d  w ith  phenobarb itone i s  due m ainly 
to  cy top lasm ic  hypertrophy  and p a r t ly  due to  h y p e rp la s ia  (Henderson 
e t  aL , 196^; Kunz e t  aL , 1966; Emmelot and S ch e re r, 1980). In  th e  ' 
work p re se n te d  h e re  no in c re a s e d  thym idine k in a se  a c t i v i t y  (T able  3*3*l )  
o r  m ito t ic  a c t i v i t y  (S e c tio n  3*2) cou ld  be seen in  th e  l i v e r s  of th e  
r a t s  t r e a te d  w ith  phenobarb itone  a lo n e  ( u n t i l  th e  th ir ty - tw o  week 
tim e p o in t when c e l l  n e c ro s is  and com pensatory re g e n e ra tio n  was s e e n ) . 
T his i s  because phenobarb itone  in d u ces  m ito s is  on ly  t r a n s ie n t ly  in  
normal h e p a to c y te s , though i n i t i a t e d  h ep a to cy te s  co n tinue  to  respond  
to  th e  m itogen ic  a c t io n  of phenobarb itone  (Emmelot and S ch e re r, 1980). 
R uttim an ( 197?) a ls o  f a i l e d  to  observe in c re a se d  thym idine k in a se  
in c o rp o ra tio n  in to  DNA and m ito t ic  index  in  phenobarb itone  t r e a t e d  
r a t s .
The cy top lasm ic  hypertrophy  o ccu ring  c e n t r i lo b u la r ly  (P la te  3*3 ) 
i s  due to  an in c re a s e  in  smooth endoplasm ic re tic u lu m  which accom panies 
th e  in c re a s e d  drug m e tab o lis in g  a c t i v i t y  seen in  th e se  a re a s  (Henderson 
e t  aL , 196^; O rren iu s  e t  aL , 1965; Jones and F aw cett, 1966; S ta u b li  
e t  aL , 1969) .
P h en o b arb ito n e-in d u ced  c e n t r i lo b u la r  glycogen d e p le t io n  has 
been observed  in  th e  ham ster (Jones and F aw cett, 1966) and in  th e  r a t  
(K ast and N ishikaw a, 1979.)* L ip id  d e p o s it io n  in  th e  l i v e r  o f r a t s  
t r e a t e d  w ith  phenobarb itone  has a ls o  been re p o r te d  ( S o r r e l l  e t  aL , 1973)*
F o ca l h yd rop ic  d e g en e ra tio n , o c c a s io n a lly  accompanied by 
n e c ro s is  was seen in  th e  l i v e r  o f r a t s  t r e a t e d  w ith  ph en o b arb ito n e , 
p a r t i c u l a r ly  in  th o se  r a t s  p r e t r e a te d  w ith  d ie th y ln itro sa m in e  (P la te  
3 .1 * 0 . F o ca l hydrop ic  d eg en e ra tio n  le a d in g  to  n e c ro s is  i s  a  common 
f e a tu r e  o f ageing  r a t  l i v e r  (Knook and H o llan d er, 1978). I t  seems 
th e re fo re  t h a t  phenobarb itone  n o t only  in d u ces  h y p e r d if f e r e n t ia t io n  
b u t a ls o  a c c e le r a te s  th e  ageing  p ro c e ss  o f th e  l i v e r  e s p e c ia l ly  a f t e r  
d ie th y ln itro sa m in e  p re tre a tm e n t. I t  has been p o s tu la te d  t h a t  ageing  
and c a rc in o g e n e s is  a re  two r e l a t e d  phenomena ( P i to t ,  1977a) so an 
a c c e le r a t io n  o f th e  ageing  p ro c e ss  by phenobarb itone  might c o n tr ib u te  
to  i t s  a c t io n  a s  a  p rom oter.
b) Changes Due to  th e  A c tio n  of D ie th y ln itro sam in e
I n  an im als  which had re v e iv e d  d ie th y ln itro sa m in e  b u t no' - fu r th e r  
tre a tm e n t no h i s to lo g ic a l  a b n o rm a lit ie s  could  be d e te c te d . T h is i s  
presum ably because i f  i n i t i a t e d  h ep a to cy te s  a re  d i f f e r e n t  from t h e i r  
n o n - in i t i a t e d  c o u n te rp a r ts  th e y  a re  so few in  number th a t  th e y  cannot 
be seen u n le s s  prom oting s tim u lu s  in d u ces  t h e i r  m u l t ip l ic a t io n .
c) Changes Due to  D ie th y ln itro sa m in e  Follow ed by P henobarbitone
U n ti l  th e  developm ent o f tum ours th e  l i v e r s  o f r a t s  t r e a t e d  w ith  
d ie th y ln itro sa m in e  and phenobarb itone  were h i s to lo g ic a l ly  very  s im i la r  
to  th e  l i v e r s  o f r a t s  re c e iv in g  phenobarb itone  a lo n e . F ocal accum ulations 
o f f a t  and fo c a l  accum ulation  o r  d e p le t io n  of glycogen were seen , however.
_ i
There was no evidence o f c i r r h o s i s  o r b i l i a r y  h y p e rp la s ia , a s  seen 
in  th e  ch ro n ic  d ie th y ln itro sa m in e  s tu d y , p r io r  to  tumour fo rm atio n  
b u t tum ours a r i s in g  in  a s s o c ia t io n  w ith  b i l e  duct p r o l i f e r a t i o n  were 
seen  (P la te  3*17). The tum ours induced  by t h i s  tw o -s ta g e  c a rc in o g e n e s is  
experim ent appeared  h i s to lo g ic a l ly  s im i la r  to  th o se  induced by ch ro n ic  
d ie th y ln itro sa m in e  a d m in is tra t io n .
A neuploidy was observed  in  th e  tum ours (F ig u re  3*3*3)» "being 
most marked in  th e  la rg e  tum ours and l e a s t  obvious in  th e  p re n e o p la s t ic  
n o d u le s . Such an eu p lo id y  was ab sen t in  th e  non-tum ourous a re a s  of 
the. l i v e r  o f th e s e  an im als and in  th e  l i v e r s  of an im als  t r e a t e d  w ith  
e i t h e r  d ie th y ln itro sa m in e  o r  phenobarb itone  a lo n e . A neuploidy, 
th e r e f o r e ,  i s  n o t induced  by d ie th y ln itro sa m in e  and phenobarb itone  
e i t h e r  s e p a ra te ly -o r  in  co n ju n c tio n  b u t develops d u ring  tumour fo rm a tio n  
a s  su g g ested  in  th e  In tro d u c tio n  (S e c tio n  1 .5*2 . a ) .
*K3.2 H istochem ica l A l te r a t io n s  Induced by D ie th y ln itro sa m in e  a n d /o r  
P henobarb itone
D ie th y ln itro sa m in e  tre a tm e n t, when n o t fo llo w ed  by p ro longed  
phenobarb itone  prom otion , f a i l e d  to  induce h is to c h e m ic a lly  dem onstrab le  
enzymic change in  th e  l i v e r  (S e c tio n  3*3*2). The rea so n  f o r  t h i s  i s  
t h a t  th e  overwhelming m a jo r ity  o f h e p a to c y te s  sire n o t i n i t i a t e d  by th e
carc inogen  tre a tm e n t so th e  b iochem ical a l t e r a t i o n s  ( i f  indeed  any 
occur) in  th e  initiated h e p a to c y te s  a re  masked by th e  normal h e p a to c y te s .
When, however, d ie th y ln itro sa m in e  i n i t i a t i o n  was promoted by 
phenobarb itone  f o c i  o f a l t e r e d  enzymic a c t i v i t y ,  which were f r e q u e n tly  
a s s o c ia te d  w ith  h is to c h em ic a l changes ( in c re a se d  f a t  d ep o sitio n ,, 
in c re a s e d  o r  d ecreased  g lycogen d e p o s i t io n ) , were d e te c te d . Some of 
th e  changes observed  in  th e se  f o c i  have been observed  in  tw o -stag e  
h ep a to c a rc in o g en e s is  reg im es by o th e r  a u th o rs .  The lo s s  of g lucose  
6-phosphatase  and th e  g a in  o f 5 -g lu tam yl tra n s p e p tid a s e  a re  th e  most 
commonly re p o r te d  f in d in g s  (S o l t  and F a rb e r , 1976; Tatem atsu e t  aX,
1977; P i t o t  e t  aL , 1978; S i r ic a  e t  aL , 1978; S e l l s  e t  a l » 1979)*
E lev a te d  g lu co se  6-phosphate  dehydrogenase has a ls o  been re p o r te d  
(B'annasch e t  aL , 1980).
I n  th e  work p re se n te d  h e re  an a d d i t io n a l  f o c a l  a l t e r a t i o n  was 
observed , v iz :  in c re a s e d  m alic  enzyme a c t i v i t y  (P la te  3*21) g lu tam ate  
dehydrogenase was a ls o  d ecrea sed  f o c a l ly  b u t t h i s  was n o t very  marked.
These enzyme changes co rrespond  to  th o se  seen in  th e  f i n a l  tum ours 
and cou ld  be used  a s  a d d i t io n a l  m arkers f o r  p r 'en eo p las ia  in  c a rc in o -  
g e n c ity  t e s t s .  I t  was uncommon to  f in d  a l l  th e  m arker enzymes a l t e r e d  
in  a  s in g le  fo c u s  and th e  h e te ro g e n e ity  o f th e  f o c i  i s  a  common f e a tu r e  
in  exp erim en ta l h e p a to c a rc in o g en e s is  (K itagaw a, 1971; B ecker, 1978;
S i r ic a  e t  a l . , 1978; Ogawa e t  aL » 1980). I t  h as  been suggested  th a t  
some o f th e  b iochem ica l changes observed  in  p re n e o p la s t ic  nodu les  may 
be a s  a  r e s u l t  o f an  a l t e r e d  m icroenvironm ent due to  changes in  blood 
flow  to  th e se  a r e a s .  Such a l t e r a t i o n s  in  b lood flow  could  be re s p o n s ib le  
f o r  some of th e  pheno typ ic  h e te ro g e n e ity  (F a rb e r , 1980). Reduced b lood 
flow  to  h y p e rp la s t ic  nodu les and l i v e r  tum ours, compared to  th e  su rround ing  
t i s s u e  has been re p o r te d  (S o l t  e t  aL , 1977a). B u tle r  (1978) has a ls o  
rem arked th a t  when a r t i f i c i a l l y  p e rfu s in g  r a t  l i v e r ,  h y p e rp la s t ic  
riodules f a i l  to  p e r fu s e . R e s t r ic te d  b lood  flow  m ight be an im p o rtan t 
f a c to r  in  some o f th e  enzymic and h is to c h em ic a l changes, such a s  
g lycogen d e p le t io n . I t  has a ls o  been su g g ested  (Ogawa e t  aL , 1980) 
t h a t  e le v a te d  -g lu tam y l tra n s p e p tid a s e  and d ecreased  g lucose  6- 
phosphatase  and ATPase a c t i v i t i e s  may no t n e c e s s a r i ly  be e s s e n t i a l  
components o f c a rc in o g e n e s is  b u t m ight be in d ic a t iv e  of a l t e r e d  b lood 
flow  th rough  th e  n o d u les. A r te r i a l  b lood i s  in c re a se d  and p o r ta l  b lood
i s  d ecreased  in  th e  n o d u le s ,an d  in  p o rta c a v d l an astom osis , where 
a r t e r i a l  b lood i s  a lso  in c re a s e d  and p o r ta l  b lood  i s  d ecreased  th e re  
i s  a ls o  an in c re a s e  in  8 -g lu tam y l t r a n s p e p tid a s e . The h y p e rtro p h ic  
l i v e r  h a s  a  p o o re r b lood supply  (Kunz e t  aL , 1966) and t h i s  may be 
re s p o n s ib le  f o r  in c re a s e d  8-g lu tam y l tra n s p e p tid a s e  a c t i v i t y  in  th e  
l i v e r  o f p h e n o b a r 'b ito n e -tre a te d  an im als (R atanasavanh e t  aL , 1979; 
Goldberg e t  aL , 1 9 8 l) . In  th e  work d e sc rib e d  in  t h i s  th e s i s  pheno­
b a rb ito n e  a d m in is tra t io n  a lo n e  f a i l e d  to  in cuce  2-g lu tam y l t r a n s p e p tid a s e  
a c t i v i t y  in  h e p a to c y te s  c o n s is te n t ly  (P la te  3*12) though some h ep a to cy te s  
s ta in in g  f o r  t h i s  enzyme were d e te c te d  a t  th e  e ig h t week t im e -p o in t 
(P la te  3 . 7 ) .
I n  view o f th e  f a c t  t h a t  th e re  i s  an a l t e r e d  b lood  flo w , s im ila r  
to  t h a t  in  hepatom as, in  th e  l i v e r  a f t e r  p o r ta c a v a l anastom osis and 
th a t  t h i s  i s  o f te n  accompanied by th e  developm ent of n o d u la r l i v e r ,  
(W einbren, 1978) t h i s  ex p erim en ta l m an ip u la tio n  would p rov ide  a  
s u i ta b le  c o n tro l t i s s u e  f o r  s tu d y . In v e s t ig a t io n  o f such t i s s u e  m ight 
h e lp  to  d is t in g u is h  changes o c cu rrin g  in  (p r e - ) n e o p la s t ic  l i v e r  
nodu les th a t  a re  s p e c i f ic  to  n e o p la s ia  from  th o se  which a re  due to  
a l t e r e d  blood flo w  a n d /o r  n o n -n e o p la s tic  n o d u la r h y p e rp la s ia  in  th e  
l i v e r .
*K3.3 Enzyme B iochem istry  During Two-Stage H ep ato ca rc in o g en esis
a )  Enzyme Changes in  P h en o b arb ito n e -T rea ted  R ats
Phenobarb itone  a lo n e  induced  changes in  th e  a c t i v i t i e s  o f some 
o f th e  enzymes m easured. The e le v a tio n  o f g lu co se  6-phosphate  
dehydrogenase and m alic  enzyme a c t i v i t y  observed  in  th e  p re s e n t s tudy  
(T ab le  3«3*l) have been re p o r te d  p re v io u s ly  (Kunz e t  aL , 1966) .  These 
w orkers r e p o r t  t h a t  d rugs which cause l i v e r  enlargem ent s t im u la te  th e  ■ 
p en to se  phosphate pathway.
O ther changes were observed  in  th e  p h e n o b a rb ito n e - tre a te d  group 
o f a n im a ls , many o f which were q u a l i t a t iv e ly ,  bu t no t q u a n t i t a t iv e ly ,  
s im i la r  to  th o se  observed  in  r a t s  t r e a te d  w ith  b o th  d ie th y ln itro sa m in e  
and p h en o b arb ito n e . Compared to  th e  an im als  which had re c e iv e d  
d ie th y ln itro sa m in e  a lo n e  (and  were e s s e n t i a l ly  h i s to lo g ic a l ly  and
b io ch em ica lly  norm al) an im als which re c e iv e d  phenobarb itone had reduced  
g lucose  6 -p h o sp h a tase , phosphoenolpyruvate carb o x y k in ase , a s p a r ta te  
am inotransam inase and g lu tam ate  dehydrogenase. There was an in c re a s e , 
a ls o ,  in  thym idine k in a se  a t  th i r ty - tw o  weeks which probably  r e p r e s e n ts ' 
h y p e rp la s ia  com pensating f o r  th e  c e l l  mass l o s t  due to  th e  h y d ro p ic / 
n e c r o t ic  f o c i .  The d ecreased  g lucose  6 -phosphatase  a c t i v i t y  was an 
unexpected  f in d in g  a s  i t  was expec ted  th a t  t h i s  microsomal enzyme 
would in c re a s e  w ith  th e  p r o l i f e r a t i o n  o f endoplasm ic re tic u lu m  induced 
by ph en o b arb ito n e . However, a  d ecrease  in  g lucose  6 -phosphatase  in  
th e  l i v e r  o f an im als  t r e a t e d  w ith  phenobarb itone  has been re p o r te d  
elsew here  (O rren iu s  e t  aL , 1965)•
Whether the. s im i la r i ty  in  enzymic change induced by pro longed  
phenobarb itone  tre a tm e n t to  th o se  induced  by carcinogen  tre a tm e n t means 
t h a t  phenobarb itone  i s  a  carc inogen  in  i t s  own r i g h t ,  a s  su ggested  
p re v io u s ly  (R ossi e t  a l , 1977)» o r t h a t  i t  i s  a c t in g  a s  a  prom oter 
o f o th e r  u n id e n t i f ie d  carc in o g en s  in  th e  environm ent ( P i to t  and S i r i c a ,  
1980) o r  th a t  phenobarb itone  a c t s  a s  a prom oter by induc ing  such 
enzyme changes r e q u ir e s  f u r th e r  i n v e s t i g a t i o n . ’
b) Enzyme Changes A f te r  Short-Term  D ie th y ln itro sam in e  Treatm ent
The b iochem ical measurement o f enzyme a c t i v i t i e s  in  th e  l i v e r s  
o f an im als  t r e a t e d  w ith  d ie th y ln itro sa m in e  a lo n e  (T able 3*3*l) l i k e  
t h e •h i s to lo g ic a l  and h is to c h em ic a l in v e s t ig a t io n  o f th e se  t i s s u e s ,  
re v e a le d  th a t  th e  l i v e r s  were e s s e n t i a l l ^  n o rm a l^
c) Enzyme Changes A f te r  D ie th y ln itro sa m in e  and Phenobarbitone
A d m in is tra tio n
I n  g e n e ra l , th e  enzyme changes observed  in  th e  l i v e r s  o f r a t s  
su b je c te d  to  bo th  i n i t i a t i o n  and prom otion (T able  3*3*l )  were expec ted  
from th e  ch ron ic  c a rc in o g e n e s is  experim ents ( i . e .  in c re a se d  thym idine 
k in a se , g lu co se  6 -phosphate  dehydrogenase and m alic  enzyme, d ecreased  
g lu co se  6 -p h o sp h a tase , phosphoenolpyruvate carboxyk inase , g lu tam ate  
dehydrogenase, a s p a r ta te  am in o tra n s fe ra se  and g lu c o k in a se ) . However, 
th e re  was no e le v a tio n  in  hexokinase a c t i v i t y  u n t i l  tum ours developed .
The e le v a t io n  o f m alic  enzyme in  th e  tw o -s tag e  h ep a to ca rc in o ­
g e n e s is  regim e was g r e a te r  th a n  in  th e  ch ro n ic  ca rc in o g e n e s is  experim en ts, 
presum ably because of th e  e f f e c t  o f phenobarb itone on normal l i v e r  
( i . e .  in d u c tio n  o f in c re a s e d  m alic  enzyme a c t i v i t y ) .  The o th e r  enzyme, 
changes were s im i la r  o r  l e s s  marked in  th e  tw o -s tag e  regim e. The 
reduced  response  o f thym id ine k in a se  a c t i v i t y  in  t h i s  regim e p robably  
r e f l e c t s  th e  slow er r a t e  o f tum our p ro d u c tio n , th e  reduced  amount of 
l i v e r  a f f e c te d ,  th e  low er tumour in c id en ce  and th e  low er t o x i c i t y  of 
tw o -s ta g e  h e p a to c a rc in o g en e s is  compared w ith  ch ron ic  d ie th y ln itro sa m in e  
a d m in is tra t io n . T his may a ls o  e x p la in  th e  f a c t  t h a t  th e  o th e r  enzyme 
a c t i v i t i e s  d e v ia te d  l e s s  from  normal in  th e  tw o -s tag e  regim e.
Rank C o rre la t io n  A n a ly s is  of th e  Data
Animals which had re c e iv e d  d ie th y ln itro sa m in e  aione f a i l e d  to  
show any s ig n i f ic a n t  c o r r e la t io n  w ith  any of th e  developm ental s ta g e s  
o r  w ith  th e  l a t e r  s ta g e s  o f c a rc in o g e n e s is  (T able  3*3*^)• T h is  w as ' 
i n  keeping  w ith  t h e i r  normal h i s to lo g ic a l  appearance and was expected  
from th e  enzyme d a ta . However, a t  s ix te e n  weeks th e re  was a  s ig n i f i c a n t  
c o r r e la t io n  w ith  two weeks o f ch ro n ic  d ie th y ln itro sa m in e  tre a tm e n t.
T h is  may r e f l e c t  a  m etab o lic  s im i la r i ty  o f th e  l i v e r  i n i t i a t e d  by one 
week o f d ie th y ln itro sa m in e  tre a tm e n t w ith o u t f u r th e r  m an ip u la tio n  and 
two weeks o f con tinuous d ie th y ln itro sa m in e  tre a tm e n t. However, t h i s  
seems u n l ik e ly  a s  n e i th e r  b e fo re  nor a f t e r  s ix te e n  weeks was th e re  
any s ig n i f i c a n t  c o r r e la t io n .
The o b se rv a tio n  th a t  phenobarb itone  in duces h y p e r d i f f e r e n t ia t io n ,  
a s  judged by cy top lasm ic  s t r u c tu r e  (S ta u b l i  e t  a l , 19&9) i s  borne out 
by th e  f a c t  t h a t  th e  enzyme p a t te r n  o f th e  l i v e r  o f r a t s  t r e a t e d  w ith  
p henobarb itone  c o r r e la te d  n e g a tiv e ly  w ith  a l l  th e  immature developm ental 
s ta g e s  of th e  l i v e r  (T able 3*3*5)•
Because o f t h i s  enzymic h y p e r d if f e r e n t ia t io n  induced  by phenobarb itone  
l i v e r s  o f r a t s  which re c e iv e d  bo th  d ie th y ln itro sa m in e  and phenobarb itone  
(when no rm alised  w ith  c o n tro l an im als) f a i l e d  to  e x h ib i t  any s ig n i f i c a n t  
c o r r e la t io n  w ith  any o f th e  s ta g e s  of d i f f e r e n t i a t i o n  (T able 3*3*3)*
They d id  however, c o r r e la te  w ith  th e  l a t e r  s ta g e s  of ch ro n ic  d ie th y l -  
n itro sa m in e -in d u c ed  h e p a to c a rc in o g e n e s is . When th e  h y p e r d i f f e r e n t ia t io n
e f f e c t  was n egated  (by n o rm a lisa tio n  com parison w ith  phenobarb itone 
t r e a t e d  r a t s )  however, th e re  was a  s ig n i f ic a n t  c o r r e la t io n  w ith  f o e t a l  
l i v e r  a s  w e ll a s  th e  l a t e r  s ta g e s  o f h ep a to c a rc in o g en e s is .
At th i r ty - tw o  weeks th e  lo s s  o f c o r r e la t io n  between d i e t h y l n i t r o - • 
samine p lu s  p h e n o b a rb ito n e - tre a te d  r a t s  which had n o t developed 
tum ours w ith  e a r ly  developm ental s ta g e s  and th e  l a t e r  s tag e s  o f c a rc in o ­
g e n e s is  p robab ly  r e f l e c t s  th e  m a tu ra tio n  o f th e  m a jo rity  o f a l t e r e d  
h e p a to c y te s  in to  p h e n o ty p ic a lly  normal h ep a to cy te s  a s  d e sc rib ed  
p re v io u s ly  (F a rb e r , 1980; Ogawa e t  aL , 1980). C u rio u sly  th e  tum ours 
f a i l e d  to  e x h ib i t  a  s ig n i f ic a n t  c o r r e la t io n  w ith  f o e t a l  l i v e r s ,  a lth o u g h  
th e y  d id  c o r r e la te  s ig n i f i c a n t ly  w ith  th e  l a t e r  s ta g e s  o f ch ro n ic  
c a rc in o g e n e s is  and th e  t r a n s p la n ta b le  hepatom as. T his outcome o f th e  
c o r r e la t io n  a n a ly s is  was unexpected  a s ,  w ith  th e  ex cep tio n  o f m alic  
enzyme, a l l  p o s t - n a ta l  enzymes were d ecreased  and a l l  f o e t a l  enzymes 
in c re a s e d . T h e re fo re , d e s p ite  th e  ran k  c o r r e la t io n  a n a ly s is ,  I  b e lie v e  
th e  tum ours to  be e x h ib it in g  a  d e d i f f e r e n t ia te d  p a t te r n  of enzymic 
a c t i v i t y .
4 .4 .  Mechanisms o f Prom otion
Most work concern ing  th e  mechanisms of a c t io n  of prom oters has 
concerned th e  w e l l - e s ta b l is h e d  sk in  model u s in g  phorbol e s te r s  and has 
been rev iew ed  r e c e n t ly  (Diamond e t  a l , 1980). The evidence to  d a te  
p o in ts  to  no s in g le  f a c to r  concern ing  th e  mechanism of t h e i r  a c t io n  
c o n c lu s iv e ly . They may in h i b i t  c e l l  d i f f e r e n t i a t i o n  in  some system s 
(Diamond e t  a l , 1978a» F ibach  e t  a l , 1979)^o r th e y  may induce d e d i f f e r ­
e n t ia t io n  ?a s  in d ic a te d  by th e  appearance of f o e t a l  p r o te in s , (C olburn, 
1 9 8 0 )jin  o th e r  system s th e y  may induce d i f f e r e n t i a t i o n  (Lotem and Sacks, 
1979; Nakayasu e t  a l , 1979),' th e y  may have t r a n s ie n t  in h ib i to r y  e f f e c t  
on d i f f e r e n t i a t i o n  (Mufsen e t  a l , 1979),' o r th e y  may e l i c i t  a  h e te ro ­
geneous d i f f e r e n t i a t i o n  re sp o n se . I t  has a ls o  been suggested  t h a t  
phorbo l e s te r ,  may in c re a s e  th e  stem c e l l  p o p u la tio n  v ia  a  t r a n s ie n t  
b lo ck  in  t h e i r  d i f f e r e n t i a t i o n  (Daimond e t  a l , 1978b).
Phorbol e s t e r s  have been shown to  induce s i s t e r  chrom atid  exchange 
(K in s e lla  and Radman, 1978; W einste in  e t  a l , 1979) and tumour prom otion 
m ight th e re fo re  be th e  r e s u l t  o f a b e r ra n t  m ito t ic  a c t i v i t y  causing  
th e  ex p re ss io n  of carc in o g en -in d u ced  r e c e s s iv e  m u ta tio n s . B outw ell 
(197*0 su g g es ts  t h a t  p rom oters may a c t  a s  gene a c t iv a to r s .  However, 
pho rbo l e s t e r s  have been shown to  a c t  on th e  cytoplasm  and induce in  
e n u c le a te d  c e l l s  s im i la r  m orpholog ical changes to  th o se  seen in  i n t a c t  
c e l l s  (Nagle and Blumberg, 1980). Phorbol e s t e r s  a re  a ls o  h y p e rp la s t ic  
a g e n ts  b u t th e  d o se  re sp o n se  f o r  h y p e rp la s ia  i s  d i f f e r e n t  from  t h a t  
f o r  prom oting a c t i v i t y  (B ou tw ell, 197*0 •
M u ltis tag e  c a rc in o g e n e s is  has been dem onstrated  in  many system s 
and some s p e c u la tiv e  id e a s  a s  to  th e  mechanisms in v o lv ed  have been 
rev iew ed  r e c e n t ly  (Berenblum , 1979; Boyland, 1980a),.
4 .4 .1  Prom otion o f L iv e r  C arc in o g en esis
An e x c e l le n t  rev iew  o f t h i s  s u b je c t  has r e c e n t ly  become a v a i la b le  
(F a rb e r , 1980). Two p r in c ip a l  exp erim en ta l approaches have been made. 
There i s  th e  model o f d i f f e r e n t i a l  in h ib i t i o n  a s  dem onstrated  by th e  
S o lt  and F a rb e r  (1976) model. T h is in v o lv e s  th e  s in g le  (o r  s h o r t ­
te rm  a d m in is tra t io n  o f an i n i t i a t i n g  carc inogen  fo llo w ed  by con tinuous 
fe e d in g  w ith  a  d i f f e r e n t  carc inogen  d u rin g  which th e  an im als undergo 
p a r t i a l  hepatectom y. The b a s is  f o r  t h i s  i s  t h a t  i n i t i a t e d  h e p a to c y te s
( l i k e  p re n e o p la s t ic  nodu les and h e p a to c e l lu la r  carcinom as) a re  r e s i s t a n t  
to  th e  c y to to x ic i ty  and m ito in h ib ito ry  a c t io n  of th e  second carcinogen  
and a re  th e re fo re  a b le  to  p r o l i f e r a t e  in  response  to  p a r t i a l  hepatectom y, 
w hile  th e  normal h e p a to c y te s  a re  p rev en ted  from p r o l i f e r a t i n g  by th e  
p re sen ce  o f th e  second carc in o g en . A l te rn a t iv e ly  th e re  i s  th e  model 
o f d i f f e r e n t i a l  s t im u la tio n  such a s  p ro longed  phenobarb itone  feed in g  
a s  perform ed in  t h i s  t h e s i s .  The mechanism o f t h i s  s t im u la tio n  i s  
u n c le a r  bu t i t  may be t h a t  th e  t r a n s ie n t  m ito t ic  response  induced  in  
normal h e p a to c y te s  by phenobarb itone  i s  p ro longed  in  i n i t i a t e d  hepa­
to c y te s  (Emmelot and S c h e re r , 1980). T h is  method a lso  s e le c t s  many 
more h is to c h e m ic a lly  a l t e r e d  f o c i  th a n  does th e  d i f f e r e n t i a l  in h ib i t i o n  
model. More th a n  90% o f th e  induced  f o c i  undergo rem odelling  and 
on ly  a  very  sm all p ro p o r tio n  a re  d e s tin e d  to  become tum ours. At 
p re s e n t i t  i s  n o t p o s s ib le  to  d is t in g u is h  between th e  s ta b le  and 
t r a n s ie n t  f o c i  ( P i to t  and S i r i c a ,  1980).
a ) A ction  o f Phenobarb itone  a s  a  Prom oter
P henobarb itone  i s  a  m itogen and t h i s  may be an im p o rtan t f a c to r  
in  i t s  mechanism of a c t io n .  P e ra in o  e t  a l . (1975) have observed  th a t  
phenobabitone and DDT (d ic h lo ro d ip h e n y ltr ic h lo ro e th a n e ) , which enhance 
l i v e r  c a rc in o g e n e s is , in c re a s e  DNA s y n th e s is  and l i v e r  w eight w hereas 
o th e r  m icrosom al enzyme in d u c e rs , am o b arb ita l and d ip h en y lh y d an to in , 
n e i th e r  s t im u la te  DNA s y n th e s is  o r l i v e r  w eight in c re a s e , nor enhance 
tumour fo rm a tio n . O ther x e n o b io tic  in d u c e rs  which s tim u la te  a d ap tiv e  
l i v e r  grow th, b u ty la te d  hydroxyto luene and a -h ex ach lo rocyc lohexane , 
a ls o  promote l i v e r  tum ours, and th e  m ito t ic  index  i s  h ig h e r  in  th e  
p re n e o p la s t ic  nodule th a n  in  th e  surrounding  t i s s u e s  (Chde e t  a l . , 1979) •
Phenobarb itone  a ls o  enhances th e  m ito t ic  response  to  p a r t i a l  
hepatectom y (Jap u n d zic  e t  aL , 19&7; R uttim an, 1972; Tuczek e t  a l . , 1975) 
i f  a d m in is te re d  p r io r  to  th e  o p e ra tio n . I f  phenobarb itone  i s  adm ini­
s te r e d  a t  th e  tim e of p a r t i a l  hepatectom y, however, th e re  i s  a  d e lay  
o f and d ecrease  in  DNA sy n th e s is  and m ito t ic  a c t i v i t y  (B ecker and Lane, 
1968; B urki e t  a ll, 1971; S c h in d le r  e t  aL , 1975)* ' T his tw o -d ir e c t io n a l  
e f f e c t  o f phenobarb itone  i s  analagous to  th e  e f f e c t  of phorbo l e s te r s  
on d i f f e r e n t i a t i o n  and i s  a ls o  r e f l e c te d  in  th e  r e s u l t s  o b ta in ed  from
th e  s tu d y  o f phenobarb itone  on enzymic d i f f e r e n t i a t i o n  p re se n te d  in  
t h i s  t h e s i s  (S e c tio n  3*3*6). When n eo n a ta l r a t s  were g iven  phenobarb itone 
d a i ly  from  th e  te n th  day a f t e r  b i r t h  u n t i l  weaning and co n tin u o u sly  
t h e r e a f t e r  th e re  was a  tw o -d ir e c t io n a l  response  in  th e  appearance of 
th e  a d u l t  enzymes, g lu co k in ase  and m alic  enzyme. P r io r  to  weaning 
phenobarb itone  induced  d i f f e r e n t i a t i o n  in  t h a t  g lu co k in ase  a c t i v i t y  
was s ig n i f i c a n t ly  e le v a te d  th re e  days b e fo re  weaning and m alic  enzyme 
was induced  to  appear on th e  day of weaning (T able 3*3*7)* T h is  i s  
i n  keeping  w ith  th e  id e a  t h a t  phenobarb itone  induces h y p e rd if f e r e n t ia t io n  
a s  m entioned e a r l i e r  (S e c tio n  4.3*1* a ) .  However, th r e e  days a f t e r  
weaning b o th  th e s e  enzymes were s ig n i f i c a n t ly  reduced  in  phenobarb itone  
t r e a t e d  groups in d ic a t in g  an in h ib i t i o n  o f d i f f e r e n t i a t i o n .  Thus i t  
seems t h a t  p h en o b arb ito n e , l i k e  th e  phorbo l e s t e r s ,  bo th  in d u ces  and 
i n h i b i t s  d i f f e r e n t i a t i o n .  The r o l e  o f d i f f e r e n t i a t i o n /d e d i f f e r e n t i a t i o n  
in  tum our prom otion i s  s t i l l  th e re fo re  u n c le a r .
I n  th e  p re s e n t  work o th e r  e f f e c t s  of phenobarb itone  which might 
p la y  a  r o le  in  tumour prom otion were observed . These were th e  a c c e le r ­
a t io n  o f  ag e in g , c e n t r i lo b u la r  hypertrophy  (S e c tio n  4 .3 .1 .  a ) and th e  
in d u c tio n  o f enzyme changes which were q u a l i t a t iv e ly  s im ila r  to  th o se  
o c cu rrin g  d u ring  c a rc in o g e n e s is  (S e c tio n  4 . 3 . 3 . a ) .  The r e la t io n s h ip  
between ageing  and can ce r has p re v io u s ly  been d iscu ssed  ( P i t o t ,  1977a). 
C e n tr i lo b u la r  h y p e rtro p h y , by causing  a re d u c tio n  in  b lood flo w , may 
c re a te  a  fa v o u ra b le  environm ent f o r  tumour growth and might c o n tr ib u te  
to  th e  enzymic a l t e r a t i o n s  which, in  tu r n  may enhance tu m o rig en es is  by 
c re a t in g  a  b iochem ical im balance in  c e l l u l a r  m etabolism  th a t  f a c i l i t a t e s  
tumour grow th.
The o b se rv a tio n  t h a t  ph en o b arb ito n e , when g iv en  s im u ltan eo u sly  
w ith , o r  soon a f t e r ,  p a r t i a l  hepatectom y d e lay s  th e  tim e of o n se t o f 
DNA s y n th e s is  and m ito s is  i s  s im ila r  to  t h a t  o f Craddock (1976) w ith  
d im e th y ln itro sam in e  a s  d e sc rib e d  in  th e  In tro d u c tio n  (S e c tio n  1 .5*2 . c ) . 
She found  th a t  when d im e th y ln itro sam in e  was g iv en  s ix  hours a f t e r  p a r t i a l  
hepatectom y th e re  was a  de layed  tim e o f o n se t of DNA s y n th e s is  and c e l l  
d iv i s io n ’b u t d im e th y ln itro sam in e  a d m in is tra t io n  g iven  tw e n ty -fo u r hou rs 
a f t e r  p a r t i a l  hepatectom y d id  n o t i n h ib i t  DNA sy n th e s is  and c e l l  
d iv is io n .  The form er exp erim en ta l regim e gave a  low in c id en ce  o f tum ours
and the latter resulted in a high tumour incidence. She concluded 
that the delay in DNA synthesis was due to repair replication of DNA. 
damaged by dimethylnitrosamine, when DNA synthesis was not delayed 
there was replication of damaged DNA which resulted in the high tumour • 
incidence. However, phenobarbitone does not covalently bind to DNA, 
so that the delay in DNA synthesis need not necessarily be the result 
of DNA repair. Administration of CCl^ can also cause a delay in DNA 
synthesis after partial hepatectomy (Schulte-Herman, 1974). Repair 
of damaged DNA cannot be said unequivocally to be the key event in 
cell-cycle susceptibility to carcinogenesisI DNA. synthesis starts 
between fourteen and sixteen hours after partial hepatectomy and peaks 
at twenty-four hours (Leduc, 1964) J foreign compound metabolism is 
reduced in partially hepatectomised animals (Gram et al, 1968; Hilton 
and Sartorelli, 1970) and the metabolism of the carcinogen would 
take some time. Thus, DNA damage may occur after the bulk of DNA 
replication has taken place in animals given carcinogen twenty-four 
hours after partial hepatectomy. Subsequent work (ishikawa et aL,
1980) in which diethylnitrosamine was administered before partial 
hepatectomy and phenobarbitone was given after the operation, does 
however indicate that DNA repair is related to the induction of enzyme 
altered islands considered to be precursors of tumours.
b ) . C e ll D iv is io n  and Tum origenesis
That c e l l  d iv is io n  enhances tu m o rig en e s is  i s  dem onstrated  by 
experim en ts w ith  re g e n e ra tin g  l i v e r  a f t e r  p a r t i a l  hepatectom y o r  CCl^ 
p o iso n in g  (Pound and McGuire, 1978a, b) and w ith  young growing an im als 
(rev iew ed  by Craddock, 1978). However, th e  degree o f s t im u la t io n  of 
c e l l  d iv is io n  by p a r t i a l  hepatectom y i s  n o t d i r e c t l y  p ro p o r t io n a l  to  
th e  degree o f enhancement o f c a rc in o g e n e s is  (B ecker, 1979)* My own 
s p e c u la tio n s  on t h i s  problem  a re  t h a t  th e  d e d i f f e r e n t ia te d  n a tu re  of 
d iv id in g  c e l l s  m ight be a  c o n tr ib u ta ry  f a c to r  in  th e  enhancement of 
tu m o rig en e s is  by c e l l  d iv is io n .  The in d u c tio n  of immature m etab o lic  
p a t te r n s  by p a r t i a l  hepatectom y o r th e  p resen ce  of a  p re -e x is t in g  
immature m etabolism , such a s  in  th e  f o e t a l  o r young anim al m ight p ro v id e  
a  fa v o u ra b le  s i tu a t io n  f o r  th e  growth of p re n e o p la s t ic  h e p a to c y te s .
I f  d e d i f f e r e n t ia t io n  i s  a  f e a tu r e  o f c a rc in o g e n e s is , i t  may be th a t  
c arc in o g en s a c t  p r im a r i ly  on d e d i f f e r e n t ia te d  h ep a to cy te s  o r  th e  
in d u c tio n  of c e l l  d iv is io n  ( and hence d e d i f f e r e n t ia t io n )  in  c e l l s  
a l t e r e d  by carc inogen  in te r a c t io n  may a llow  th e  ex p re ss io n  o f th e  
cancer phenotype. D e d if fe re n t ia te d  h e p a to c y te s  would be p re se n t 
a t  h igh  fre q u e n c ie s  i n  th e  young anim al and in  th e  a d u l t  l i v e r  a f t e r  
p a r t i a l  hepatectom y, b u t a t  low frequency  in  th e  r e s t in g  a d u l t  l i v e r  
u n le s s  th e  c y to to x ic i ty  o f th e  carc inogen  in d u ces  com pensatory hyper­
p l a s i a .  The carc in o g en  may th e n  in h i b i t  f u r th e r  d i f f e r e n t i a t i o n  of 
th e  c e l l .  The ca rc in o g e n ic  p o te n t i a l  o f a  g iv en  compound may th e re fo re  
depend p a r t ly  on i t s  c y to to x ic i ty  and p a r t ly  on i t s  a b i l i t y  to  in h ib i t  
c e l l  d i f f e r e n t i a t i o n .  The s t im u la to ry  e f f e c t  of enhanced c e l l  d iv is io n  
on c a rc in o g e n e s is  need n o t n e c e s s a r i ly  depend on enhanced r e p l ic a t io n  
o f DNA damaged by th e  ca rc in o g en , i t  cou ld  a ls o  be due to  th e  c re a t io n  
o f a  p o p u la tio n  o f c e l l s  on which th e  carcinogen  may a c t  a n d /o r  th e  
c r e a t io n  of a  s u i ta b le  b iochem ical m ilie u  f o r  th e  growth o f abnormal 
c e l l s  a s  p o s tu la te d  (F ig . 4 .3 ) .  The p o s s ib l i ty  t h a t  carc inogens 
th em selves m ight i n h i b i t  d i f f e r e n t i a t i o n  cou ld  be in v e s t ig a te d  by 
a d m in is te r in g  a  h ep a to ca rc in o g en  to  su ck lin g  r a t s  and s tu dy ing  th e  
b eh av iou r o f th e  l a t e  su ck lin g  c lu s t e r  of enzymes a t  weaning a s  d e sc rib e d  
f o r  phenobarb itone  (S e c tio n  3*3*6).
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4 .5  Summary o f B iochem ical D ata on F o e ta l  and R egenera ting  Rat
Liver, Primary and Transplantable Hepatocellular Carcinomas
and Host Livers of Tumour-Bearing Rats
The accum ulated enzyme d a ta  in  th e  p re s e n t work compared w ith  th e  
enzyme d a ta  o f Knox (1976) and G reengard (1979) shown in  F ig . 4 .4  
( i  -  i x ) .  In  g e n e ra l f o e t a l  l i v e r s ,  re g e n e ra tin g  l i v e r ,  t r a n s p la n ta b le  
hepatom as and p rim ary  tum ours induced  by ch ro n ic  o r  tw o -s tag e  h ep ato ­
c a rc in o g e n e s is  a re  s im i la r  ( q u a l i t a t i v e ly ,  i f  no t q u a n t i ta t iv e ly )  in  
t h e i r  enzymic d e v ia t io n  from norm al. The h i s to lo g ic a l  s im i la r i ty  o f 
im m ature, re g e n e ra tin g  and n e o p la s t ic  l i v e r  h as been summarised above 
(T ab le  4 .1 ) .  .
The a q u i s i t io n  o f f o e t a l  c h a r a c te r i s t i c s  du rin g  n e o p la s t ic  
tra n s fo rm a tio n  does n o t ap p ear to  be s p e c i f i c a l ly  l in k e d  to  m alignancy 
s in ce  s im ila r  f o e t a l  c h a r a c t e r i s t i c s  a re  ex p ressed  by n o n -m a lig n an t, 
re g e n e ra tin g  l i v e r .  O ther a u th o rs  r e p o r t  s im ila r  h i s to lo g ic a l  and 
b iochem ical a b e r r a t io n s  a f t e r  to x ic  damage ( c . f .  S e c tio n s  4 .1 .2 ,
4 .1 .4 ) .  Ib sen  and Fishman (1979) have rev iew ed th e  su b je c t and c i t e  
numerous examples o f f o e t a l  enzymes no t on ly  in  h e p a to c a rc in o g en e s is  
b u t a ls o  in  re g e n e ra tin g  l i v e r  a f t e r  p a r t i a l  hepatectom y o r  to x ic  damage. 
A lthough th ey  say i t  i s  n o t p o s s ib le  to  c le a r ly  d e f in e  th e  r e l a t i o n  o f 
oncodevelopm ental gene ex p re ss io n  to  cancer th e y  su g g est t h a t  r e t r o -  
d i f f e r e n t i a t i o n - r e d i f f e r e n t i a t i o n  i s  l in k e d  to  th e  prom otion phase .
The r e s u l t s  re p o r te d  in  t h i s  t h e s i s  a re  c o n s is te n t  w ith  th e  view 
h e ld  by U r ie l  (1979) th a ts  a ) resem blance between cancerous and f o e t a l  
c e l l s  i s  h ig h ly  s ig n i f i c a n t  s in c e  i t  stem s from  th e  convergence of 
b io lo g ic a l  p r o p e r t ie s ;  b) t h i s  resem blance i s  n e v e r th e le s s  n o t i n t r i n ­
s i c a l l y  s p e c i f ic  to  n e o p la s ia  s in ce  i t  can a ls o  be shown by non- 
cancerous c e l l s  and t i s s u e s  growing under th e  in f lu e n c e  of c e r ta in  
d e le te r io u s  a g e n ts  o r in  resp o n se  to  a g g re ss io n s  of v a r ie d  a e t io lo g y ;  
and c) r e t r o d i f f e r e n t i a t i o n  seems to  be a  unique mechanism o f c e l l  
re ju v e n a tio n  u n d e rly in g  bo th  n e o p la s t ic  developm ent and re g e n e ra tiv e  
p ro c e sse s .
The understanding of the mechanisms involved in dedifferentiation 
is contingent upon advances in knowledge about the control of gene 
expression during normal differentiation. Parallels between cell
F ig u re  4 .4  Enzyme A c t iv i t i e s  in  F o e ta l ,  R egenera ting  Hepatomas and Host 
L iv e r: Combined E xperim en ta l and P rev io u s ly  R eported  Data
F ; fo e tu s  14 -  16 days g e s ta t io n
LF
24 
72 
CD
25 
WD 
UA 
HW 
HU 
KF 
KR
f o e tu s  19 -  20 days g e s ta t io n  
24hours a f t e r  hepatectom y 
3 days a f t e r  hepatectom y
tum ours a r i s in g  a f t e r  ch ro n ic  d ie th y ln itro sa m in e  tre a tm e n t
tum ours a r i s in g  a f t e r  2 -s ta g e  c a rc in o g e n e s is
WDA t r a n s p la n ta b le  hepatom as
UA t r a n s p la n ta b le  hepatomas
h o s t l i v e r  of WDA tum o u r-b earin g  r a t s
h o s t l i v e r  o f UA tum our-bearing  r a t s
f o e t a l  l i v e r  re p o r te d  by Knox (1976)
l i v e r  24 hours hepatectom y re p o r te d  by Knox
K I°; p rim ary  hepatoma re p o r te d  by Knox
KS; slow -grow ing t r a n s p la n ta b le  hepatoma re p o r te d  by Knox 
KU; u n d i f f e r e n t ia te d  rap id ly -g ro w in g  t r a n s p la n ta b le  hepatoma re p o r te d ' 
by Knox
GH; h o s t l i v e r  re p o r te d  by G reengard (H e rz fe ld  e t  a l , 1980)
( i )  TK; Thymidine k in a se
( i i )  HK; H exokinase
( i i i )  G6PDH; G lucose 6-phosphate  dehydrogenase
( iv )  GDH; G lutam ate dehydrogenase
(v ) AAT; A sp a rta te  a m in o tra n s fe ra se
( v i )  G6Pase; G lucose 6 -phosphatase
( v i i )  PEPCK; Phosphoenolpyruvate carboxykinase
( v i i i )  GK; G lucokinase
( ix )  M alic; M alic enzyme
G6
PD
H 
l
.u
. 
hk
 
l
.u
. 
tk 
l
.u
( i )
3 0 "
20 . .
10
—  - R .........
F LF KF 2^ 72 E  CD 2S KI° WD KS UA KU HW HU GH
( i i )
6 -
2
F LF KF 2k 72 KR CD 2 S ' XT WD KS UA KU HW HU GH
10 ( i i i )
8 .
2 ‘
F LF KF 2^ ?2 KR CD 2S* KI° WD KS UA KU- HW HU GH
AA
T 
L.
U.
 
GD
H 
L.
U
l i v j
1 . 0 -
0 . 8 .
0 . 6 -
0 .4 -
0 .2 -
F LF KF 2k 72 KR CD 2S KI° TO KS UA KU HW HU GH 
(v )
1.2  •
1.0
0 .8  -
0 .6  -
0 A
0 .2  -
F LF KF 2b 72 KR CD 2S KI° WD KS UA KU HW HU GH
\ VJ-/
1 . 0 .
0 . 8 .
0 . 6.
1-3
<d  0.4-w oJ
\o ns
0.2
F LF KF 2k 72 KR CD 2S KI
n
WD KS UA KU HW HU GH
l A ( v i i )
1.2
1.0
0.8
tD
i-3 0 * 6
«oPkmp*
0 A
0.2
7" l p ' 'k f ' ' 2k ' 7?  KR L_"cD 2s' KI0' TO k s ‘ UA KU ' 'HW 'HU' GH
M
al
ic
 
L.
U
.
1.0
( v i i i )
0.8  ■
0.6
. 0 .4  -
t=5
1^
o
0.2
J _ _ _ _ _ _ _ _ _ _ _ I 1 1 I I 1 1 I 1 1  I 1 I I I 1 1 n  I 1 1 1  I 1 1  I 1 I 1  1 -
F LF KF 24 72 KR CD 2S KI° TO KS UA KU HW HU GH
( ix )
5 .0
4 .0 .
3 .0 -
2 . 0 -
1 . 0 -
n
LF KF 24 72 KR CD 2S KE TO KS UA KU HW HU GH
d i f f e r e n t i a t i o n  and c a rc in o g e n e s is  have been th e  su b je c t of a  rev iew  
a r t i c l e  (D u s tin , 1972) and a  book (S aunders, 1978). The mechanisms 
of th e  r e g u la t io n  o f h is to n e -c o d in g  gene ex p re ss io n  in  normal and 
n e o p la s t ic  c e l l s  have been s tu d ie d  (S te in  e t_aL , 1978). The r o le  o f 
th e  v a rio u s  n u c le a r  and cy top lasm ic  n u c le ic  a c id s  and p ro te in s  in  
gene r e g u la t io n  and th e  ex p re ss io n  o f th e  cancer phenotype have been 
rev iew ed  by Busch (1979)• The p o s s i b i l i t y  t h a t  c a rc in o g e n e s is  may 
r e s u l t  from a l t e r a t i o n s  in  n o n -h is to n e  p ro te in s  le ad in g  to  th e  i n ­
a c t iv a t io n  o f genes sp e c ify in g  a d u l t  fu n c tio n s  and genes r e g u la t in g  
c e l l  d iv is io n  has been in v e s t ig a te d  (Gronow, 1980).
Furtherm ore investigations one c u r r e n t ly  in  p ro g re ss  to  e lu c id a te  
th e  mechanisms o f gene m is re g u la tio n  by carc in o g en s u sin g  a  r e g u la to ry  
t e s t  system  in  D rosoph ila  in v o lv in g  s p e c i f ic  s t r u c tu r a l  genes under 
th e  c o n tro l  o f m obile DNA in s e r t io n s ,  o r  tra n sp o sa b le  e lem ents (Fahmy, 
1980).
The genetic reprogramming in  re g e n e ra tin g  l i v e r  i s  u n lik e ly  to  be 
th e  d i r e c t  r e s u l t  o f a  m u ta tio n , bu t w hether th e  u n d erly in g  mechanism 
f o r  th e  reprogramming of g e n e tic  in fo rm a tio n  le ad in g  to  cancer i s  
m u ta tio n a l i s  a s  y e t  undeterm ined. Because o f th e  p o s s ib le  involvem ent 
o f m u ta tio n a l ev en ts  i n  c a rc in o g e n e s is , a  s tudy  o f th e  ch ro n ic  e f f e c t  
o f d ie th y ln itro sa m in e  on DNA a lk y la t io n  and subsequent e x c is io n  was 
c a r r ie d  o u t .
4 .6  Enhancement o f 0 -A lky lguanine E x c is io n  by C hronic D ie th y ln i t ro ­
samine A d m in is tra tio n
I f  0 -a lk y lg u a n in e  i s  th e  prom utagenic le s io n , induced by a lk y la t in g
a g e n ts , one would expec t t h a t  ch ro n ic  a d m in is tra t io n  of d ie th y ln i t r o s -
amine would i n h i b i t  th e  e x c is io n  of 0 -a lk y lg u a n in e , causing  an in c re a se d
chance o f m is-cod ing , th e re b y  le a d in g  to  a  h igh  tumour in c id e n c e .
However, t h i s  was n o t found to  be th e  case -  in  f a c t  th e re  was a£
c o n s id e ra b le  re d u c tio n  in  th e  le v e l s  of 0 e th y lg u an in e  in  t r e a t e d  r a t s .
T h is.w as ev id en t a f t e r  on ly  one week p re tre a tm e n t w ith  d ie th y ln itro sa m in e
6 7w ith  f u r th e r  re d u c tio n s  in  0 /N  r a t i o s  a f t e r  f iv e  and te n  weeks p re ­
t re a tm e n t.  P re tre a tm e n t d id  n o t a f f e c t  3”e’thyladenine/N ''7-e th y lg u a n in e  
r a t i o s .  The re d u c tio n  o f O ^-ethy lguan ine  p e r s is te n c e  in  DNA su g g es ts  
t h a t  ch ro n ic  d ie th y ln itro sa m in e  a d m in is tra t io n  enhances th e  r e p a i r
c a p a c ity  f o r  t h i s  l e s io n .  The r e p a i r  p ro c e ss  i s  n o t s p e c i f ic  f o r
6 6 0 e th y la t io n  a s  th e re  i s  a ls o  a  re d u c tio n  of 0 m ethy lguan ine , induced
by d im e th y ln itro sam in e , in  th e  d ie th y ln itro sa m in e  p r e t r e a te d  r a t s .
T h is  in d u c tio n  of a  r e p a i r  system  i s  s im ila r  to  th e  'a d a p t iv e ' re sponse
of b a c te r ia  i . e .  enhanced DNA r e p a i r  induced  by p re tre a tm e n t w ith
low le v e l s  of an a lk y la t in g  ag en t red u ces  th e  a g e n t 's  t o x i c i t y  and£
m u tag en ic ity  (K arran  e t  a l., 1979)* The in d u c tio n  o f 0 a lk y lg u an in e
r e p a i r  i s  a ls o  seen  a f t e r  c h ro n ic  d im eth y ln itro sam in e  tre a tm e n t (Montesano
e t  aL , 1979) and a g a in  th e  e f f e c t  was s p e c i f ic  f o r  O ^-m ethylguanine
(3-m ethy laden ine  l e v e l s  were u n a ffe c te d  by p re tr e a tm e n t ) . The r e p a i r
i s  p robab ly  due to  enhanced enzyme a c t i v i t y ,  r a th e r  th a n  r e d i s t r i b u t io n  
6o f th e  0 - a lk y la t io n  to  o th e r  re g io n s  where rem oval i s  more r a p id ,  a s
c e l l - f r e e  l i v e r  p re p a ra t io n s  from  r a t s  p r e t r e a te d  w ith  d im e th y ln itro sam in e
have an enhanced c a p a c ity  f o r  0^ r e p a i r  o f m e th y la ted  DNA in  v i t r o
(Montesano e t  aL , 1980-). Renard and V erly  (1980a, b) have i s o l a t e d  a
f a c to r  from r a t  l i v e r  chrom atin  which in d u ces  th e  d isap p earan ce  of £
0 -e th y lg u a n in e  from  DNA a f t e r  e th y ln i t ro s o u re a  a lk y la t io n .  T h is  f a c to r  
ap p ea rs  to  be an  enzyme r a th e r  th a n  a  s to ic h io m e tr ic  re a g e n t in  t h a t  
i t  i s  in a c t iv e  a t  0°C, rem ains a c t iv e  a f t e r  two hours a t  37°G in  th e  
p resen ce  o f ex cess  s u b s tr a te  and i s  c o m p e titiv e ly  in h ib i te d  by th e  
r e a c t io n  p ro d u c t.
Not only  does p re tre a tm e n t w ith  a lk y la t in g  a g en ts  enhance th e
c a p a c ity  o f r a t  l i v e r  f o r  th e  e x c is io n  o f 0 -a lk y lg u a n in e  hu t p re ­
tre a tm e n t w ith  o th e r  carc in o g en s a ls o  has th is -  e f f e c t .  The two
carc in o g en s . te s te d , ace tam in o flu o ren e  and a f la to x in  B. bo th  induce
6 r l h  n 10 m ethylguanine e x c is io n  a f t e r  a  s in g le  dose-of L CJ d im e th y ln itro s -
amine (Buckley e t  aL , 1979; O'Connor and M argison, 1 9 8 l) .
M etabo lic  a c t iv a t io n  of th e  carcinogen  seems to  be n ecessa ry  
6f o r  th e  in d u c tio n  o f 0 e x c is io n , p re tre a tm e n t w ith  th e  d i r e c t  a c tin g  
a lk y la t in g  ag en t N -m eth y l-N -n itro so u rea  has no e f f e c t ,  o r  an in h ib i to r y  
(o r  overloaded) e f f e c t  on th e  r e p a i r  o f O^-m ethylguanine a f t e r  a  
s in g le  dose o f N-C" C ]-m e th y l-N -n itro so u rea  (M argison, 1981) o r 
C ^C ]d im e th y ln itro sam in e  (O 'Connor and M argison, 1981) w hereas p re ­
tre a tm e n t w ith  1 , 2-d im e th y lh y d raz in e , an ag en t m etab o lised  to  an  
a lk y la t in g  sp e c ie s  v ia  a  d i f f e r e n t  ro u te  from th a t  o f d im e th y ln itro s ­
amine does enhance th e  r e p a i r  o f 0^ -m ethylguanine a f t e r  a  s in g le  dose 
o f I ^ C ]  d im e th y ln itro sam in e  (M argison, 1981). Coupled w ith  th e  
o b se rv a tio n  t h a t  d im e th y ln itro sam in e  p re tre a tm e n t f a i l s  to  enhance
6 r*l ty* -i0 -m ethylguanine d isap p earan ce  a f t e r  a  s in g le  dose o f N-L. C j-m eth y l-
N -n itro so u rea  (M argison e t  aL , 1976b) th e se  r e s u l t s  suggest t h a t  th e
d i r e c t  a c t in g  a lk y la t in g  a g e n ts  a lk y la te  a d i f f e r e n t  c e l l  p o p u la tio n
from t h a t  a lk y la te d  by th o se  r e q u ir in g  m etab o lic  a c t iv a t io n .  The
enzymes n ecessa ry  f o r  th e  m etab o lic  a c t iv a t io n  o f d im eth y ln itro sam in e
to  th e  to x ic  a lk y la t in g  sp e c ie s  a re  lo c a te d  p r e f e r e n t i a l l y  in  th e
c e n t r i lo b u la r  re g io n  and th e re fo re  th e ’ to x ic  changes a re  seen  i n  t h i s
re g io n  (Pegg, 1977)* N -m eth y l-N -n itro so u rea  has a  very  s h o r t h a l f -
l i f e  in  v ivo  and m ight th e re fo re  be expected  to  a lk y la te  p e r ip o r ta l
c e l l s  p r e f e r e n t i a l l y .
In d u c tio n  o f r e p a i r  o f a lk y la t io n  a t  th e  0 ^ .p o s i t io n  o f guanine
should  r e s u l t  i n  a  reduced  tum our in c id e n c e , however th e  p re - tr e a tm e n t v
regim e c le a r ly  in d u ces  a  la rg e  number o f tum ours. One e x p la n a tio n  f o r
t h i s  paradox i s  t h a t  th e  induced  r e p a i r  system  m ight be e rro r-p ro n e£
(K le ih u es  e t  aL , 1979)* A lso , most of th e  ag en ts  which induce 0 - a lk y l  
guanine r e p a i r  a ls o  damage th e  DNA and a re  h e p a to to x ic  a s  w e ll a s  
h ep a to ca rc in o g en ic  and th u s  cause r e s to r a t iv e  h y p e rp la s ia  and DNA 
r e p l i c a t io n .  T h is  m ight be th e  most im p o rtan t f a c to r  a s  f a r  a s  h ep a to ­
c a rc in o g e n e s is  i s  concerned a s  a lk y la te d  DNA can be r e p l ic a te d  (Craddock 
and Henderson, 1978). Hence th e  p ro te c t iv e  e f f e c t  o f 0^ r e p a i r  a g a in s t-
tumour in d u c tio n  m ight he more th a n  o f f s e t  by th e  induced  p r o l i f e r a t i o n  
o f c e l l s  and r e p l i c a t i o n  of f a u l ty  DNA.
4 .7 .  Relevance o f th e  H is to lo g ic a l  and B iochem ical D ata to  Human
Cancer
As described in the Introduction (Section 1 .2 .)  there are many 
pathological and aetiological similarities between human and rat 
liver tumours. The human liver also exhibits phase-specific profiles 
of enzyme activity which show sequential similarities to those observed 
in the rat. Thus, during the second trimester enzymes belonging to 
the late foetal cluster in rats are present at about half the adult 
level but those belonging to the neonatal and late suckling cluster 
are present at very low levels or undetectable (Greengard, 1977)* It 
is a major conclusion from the present work that hepatocarcinogenesis 
is accompanied by dedifferentiation. The dedifferentiation is detectable 
by measuring enzymes that exhibit phase-specific profiles of activity.
I f  a  s im ila r  p ro c e ss  i s  o p e ra tin g  in  human can cer th e n  s im ila r  changes 
in  th e  a c t i v i t y  o f p h a s e - s p e c if ic  enzymes m ight be expected  to  occu r.
I n  g e n e ra l th e  enzyme p a t te r n  o f human h e p a to c e l lu la r  carcinom as 
d i f f e r s  from norm al human l i v e r  w ith  re s p e c t  to  th e  same enzymes showing 
d if f e r e n c e s  between r a t  hepatoma and normal r a t  l i v e r  (Boxer and Shonk, 
1966). Reduced phosphoenolpyruvate carboxykinase and g lucose 6 -phosphatase  
and o th e r  g luconeogen ic  enzyme a c t i v i t i e s  a re  observed in  human l i v e r  
tum ours, l i k e  t h e i r  ro d e n t c o u n te rp a r ts  (Yeung e t  a l . , 1973> C yanis e t  aL , 
1975; Hammond and B a lin sk y , 1978a). The in c re a s e  in  hexokinase and 
o th e r  g ly c o ly t ic  enzymes was n o t a s  c o n s is te n t  a s  in  r a t  hepatom as, 
however (B a lin sk y  e t  a l , 1973; C yanis e t  aL , 1975) though th e re  i s  
o v e ra l l  a  lo s s  o f a d u l t  enzymes and g a in  o f f o e t a l  enzymes (C yanis 
e t  aL , 1975; Goto .e t  a l „ 1977; Hammond and B alin sk y , 1978b). Enzymes 
o f py rim id ine  and DNA s y n th e s is  a re  e le v a te d  in  bo th  r a t  and human 
l i v e r  tum ours w ith  th e  ex cep tio n  of thym idine k in a se  which was n o t 
e le v a te d  in  th e  human hepatom as (Cummins and B a lin sk y , 1980). The 
e le v a tio n  o f g lu co se  6 -phosphate  dehydrogenase in  r a t  l i v e r  c a rc in o ­
g e n e s is  a s  d e sc r ib e d  in  t h i s  t h e s i s  i s  a ls o  observed  in  human l i v e r  
tum ours (B a lin sk y  e t  aL , 1973; Yeung e t  aL , 1973)* There i s  a ls o  a  
low hepatoma freq u en cy  in  g lu co se  6-phosphate  dehydrogenase d e f ic ie n t  
m ales in  a  Bantu p o p u la tio n . The h igh  in c id en ce  o f g lucose  6-phosphate  
dehydrogenase d e f ic ie n c y  in  t h i s  p o p u la tio n  may no t only  be due to  i t s  •
p r o te c t iv e  e f f e c t  a g a in s t  m a la ria  b u t a ls o  because o f a reduced  
m o r ta l i ty  from l i v e r  tum ours (Mbensa e t  a l., 1978). The s im i la r i ty  
between human and ro d e n t l i v e r  tum ours means t h a t  th e  sh o rt- te rm  
in  vivo  c a rc in o g e n ic ity  t e s t s  proposed  (page 220 ) a re  l i k e ly  to  be 
p a r t i c u l a r ly  r e le v a n t  to  th e  d e te c t io n  of ag en ts  p o te n t i a l ly  h ep a to - 
c a rc in o g en ic  in  humans.
Human l i v e r  tum ours, when assay ed  f o r  adenosine  tr ip h o sp h a ta se  
and g lucose  6-p h o sp h a tase  d e f ic ie n c y  and # -g lu tam y l t r a n s p e p tid a s e  
e le v a t io n  e x h ib i t  p h eno typ ic  h e te ro g e n e ity  w ith  r e s p e c t  to  th e se  m arkers, 
l i k e  r a t  tum ours (G erber and Thing, 1980). C e l l - l in e s  d e r iv e d  from 
v a rio u s  human tum ors, in c lu d in g  l i v e r  tum ours, showed no p re d ic ta b le  
co ex p ressio n  o f m arkers o f c a rc in o g e n e s is  -  i n  f a c t  th e re  was a  n eg a tiv e  
c o r r e la t io n  between m arkers such th a t  when one was found i t  was u n lik e ly  
t h a t  a n o th e r m arker would be e x h ib ite d  by t h a t  t i s s u e  (Neuwald e t  a i , 
1980). F or t h i s  re a so n  and because o f th e  la c k  o f s p e c i f i c i t y  o f any 
s in g le  b iochem ical o r  p a th o lo g ic a l  m arker to  c a rc in o g e n e s is , th e  use  
o f a  b a t te r y  o f b iochem ical and p a th o lo g ic a l c h a r a c te r i s t i c  shou ld  be 
employed f o r  d ia g n o s t ic  p u rp o se s . At p re se n t th e  d ia g n o s is  i s  o f te n  
made by h i s to lo g ic a l  and c y to lo g ic a l  in v e s t ig a t io n  o f l i v e r  b iopsy  
m a te r ia l  ( ta k e n  w ith  o r  w ith o u t th e  d i r e c t io n  of l i v e r  s c a n s ) . About 
70^ o f p a t i e n t s  w ith  l i v e r  c an ce r being  d e te c te d  in  t h i s  way (Tao e t  aL , 
1979)• F a ls e  p o s i t iv e s  may a r i s e  because o f th e  c y to lo g ic a l  s im i la r i ty  
o f m alignan t h e p a to c y te s  w ith  re g e n e ra tin g  h ep a to cy te s  in  inflam m atory 
le s io n s  (A tte rb u ry  e t  aL , 1979)* H istochem ica l enzyme a n a ly s is  o f 
th e se  b iopsy  specim ens should  produce g r e a te r  d ia g n o s tic  su cc e ss .
However, in  view o f th e  h e te ro g e n e ity  o f b o th  p re n e o p la s t ic  nodu les and 
h e p a to c e l lu la r  carcinom as a  b a t te r y  o f h i s to lo g ic a l ,  c y to lo g ic a l  and 
b iochem ical c r i t e r i a  should  be in v e s t ig a te d  to  determ ine th e  o v e ra l l  
p a t te r n  of th e  change. Many c u r re n t ly  a ccep ted  m arkers, such a s  oc­
t e t  o p ro te in , -g lu tam y l tra n s p e p tid a s e  and g lucose  6-p h o sp h a tase , a re  
found in  n o n -n e o p la s tic  le s io n s  (see  above, S e c tio n s  4 .1 .2 ,  4 . 1 . 4 ) . and 
th e  use o f a  b a t te r y  o f m arkers to g e th e r  w ith  a  f u r th e r  s tudy  o f non­
n e o p la s t ic  l e s io n s  to  id e n t i f y  d is c r im in a n ts  (p o s s ib le  phosphoenol- 
p y ru v a te  carboxykinase  e le v a tio n  in  non-m alignant h y p e rp la s ia )  may 
h e lp  d is t in g u is h  n e o p la s t ic  from n o n -n e o p la s tic  le s io n s .  I t  should- be 
em phasised t h a t  th e re  i s  a  la rg e  degree o f h i s to lo g ic a l  and biochem ical-
o v e rlap  between tum ours and non-m alignant le s io n s  and th e re fo re  
knowledge o f th e  c l i n i c a l  h is to r y  o f th e  p a t ie n t  i s  of undoubted v a lu e . 
I  b e lie v e  a ls o  t h a t  t h i s  o v e rla p  w i l l  re n d e r  th e  sea rch  f o r  a  s in g le  
n e o p la s t ic  m arker f u t i l e  f o r  th e  rea so n  th a t  r e t r o d i f f e r e n t i a t i o n  i s  
th e  underly ing mechanism in v o lv ed  in  both  regenerative p ro c e sse s  and 
n e o p la s t ic  developm ent. Study o f a  b a t te r y  o f enzymes may re v e a l 
m etab o lic  im balances more l i k e l y  to  be in d ic a t iv e  of cancer th a n  o f 
non-m alignant h y p e rp la s ia . F u tu re  s tu d ie s  designed  to  a id  tumour 
d ia g n o s is  shou ld  th e re fo re  b e a r  in  mind th e  s i m i l a r i t i e s  between 
m alignan t and non-m alignan t h y p e rp la s ia  and c o n ce n tra te  on m easure­
ments o f m u ltip le  h i s to lo g ic a l  and b iochem ical c r i t e r i a .  S tu d ie s  
aimed a t  th e  c o n tro l  o f n e o p la s ia  cou ld  be d ir e c te d  a t  in v e s t ig a t io n  
o f re g e n e ra tin g  l i v e r  in  o rd e r  to  e lu c id a te  th o se  f a c to r s  which enab le  
th e  t i s s u e  to  r e d i f f e r e n t i a t e  in to  normal t i s s u e  in  t h i s  s i tu a t io n .
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